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ABSTRACT

ABSTRACT
Global warming caused by the excessive use of fossil fuels has become a severe
problem in the modern world. Increasing energy demand worldwide and mandates to
minimize greenhouse gas emissions require the production of energy in a sustainable
manner and efficient usage of that energy. Lithium ion batteries (LIBs) have
demonstrated themselves to be one of the most promising electrochemical energy
storage approaches. During the past two decades, LIBs have become the dominant
power source for a wide range of portable electrical devices. The large-scale
potential lithium ion battery applications, however, such as electric vehicles (EVs),
hybrid electric vehicles (HEVs), and stationary energy storage for solar and wind
electrical energy generation, require batteries exhibiting higher rate capability, higher
power, and longer cycle life. The performance of rechargeable lithium ion batteries
must continue to be improved to meet these requirements. In this doctoral work,
several nanostructured materials were synthesized and characterized for possible
applications as electrode materials for lithium ion batteries.

Graphene nanosheets have been synthesized by using a time-efficient microwave
autoclave method. The effects of the reaction time and temperature on the graphene
characteristics were explored. Field emission electron microscopy and transmission
electron microscopy analysis demonstrated the different morphologies of graphene
nanosheets synthesized under various reaction conditions. Raman spectroscopy
further revealed that the layer d-spacing of graphene nanosheets became smaller with
increasing reaction time or temperature. These results have broadened our
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understanding of the synthesis conditions for graphene nanosheets and provided
useful information for the synthesis of graphene based composite materials.

Germanium-graphene nanocomposite material with three-dimensional nanostructures
has been synthesized by an efficient one-step, in-situ, and aqueous-based method.
The electrochemical properties of germanium-graphene nanocomposite have been
evaluated by galvanostatic discharge-charge cycling, cyclic voltammetry, and
electrochemical impedance spectroscopy. Results show that the germanium-graphene
nanocomposite has a much more stable cycling performance than that of the pure
germanium, with capacity of about 832 mAh g-1 after 50 cycles. The rate capability
is also improved significantly. The superior performance is attributed to the graphene
content, which increases the material’s conductivity, enlarges the specific surface
area, delivers enough sites to allow dispersion of the Ge nanoparticles without
excessive agglomeration, and provides void space to buffer the volume change
during discharge/charge cycles.

Fe3O4-graphene composites with three dimensional laminated structures have been
synthesised by a simple in-situ hydrothermal method. According to the field
emission electron microscopy and transmission electron microscopy analysis, the
Fe3O4 nanoparticles, around 3-15 nm in size, are highly encapsulated in a graphene
nanosheet matrix. The reversible Li-cycling properties of Fe3O4-graphene have been
evaluated by galvanostatic discharge-charge cycling, cyclic voltammetry, and
impedance spectroscopy measurements. Results show that the Fe3O4-graphene
nanocomposite with graphene content of 38.0 wt % exhibits a stable capacity of
about 650 mAh g-1, with no noticeable fading up to 100 cycles in the voltage range of
v
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0.0-3.0 V. The superior performance of Fe3O4-graphene is clearly established by
comparison of the results with those from bare Fe3O4. The graphene nanosheets in
the composite materials could act not only as lithium storage active materials, but
also as an electronically conductive matrix to improve the electrochemical
performance of Fe3O4.

SnO2-graphene

composites

have

been

synthesized

by an

ultra-fast

and

environmentally friendly microwave autoclave method. From field emission
scanning electron microscopy and transmission electron microscopy, it can be
determined that the SnO2 nanoparticles, around 4-5 nm in diameter, are uniformly
sandwiched in between graphene nanosheets in stacks of only a few layers. The
successful synthesis demonstrates that in-situ loading of SnO2 nanoparticles can be
an effective way to prevent graphene nanosheets from being restacked during the
reduction. The Li-cycling properties of the materials have been evaluated by
galvanostatic discharge-charge cycling and impedance spectroscopy. Results show
that the SnO2-graphene composite with graphene content of 33.3 wt% exhibits a very
stable capacity of about 590 mAh g-1 without noticeable fading for up to 200 cycles.

Finally, the application of microwave autoclave synthesized graphene nanosheets has
been extended to the formation of composites with single-walled carbon nanotubes
as free-standing film electrodes that can serve as flexible lithium ion battery anodes.
According to the transmission electron microscopy and X-ray diffraction
characterizations, the average d-spacing of the graphene–single-walled-carbonnanotube composites reached 0.407 nm, which was obviously larger than that of the
as-prepared pure graphene (0.364 nm).The reversible Li-cycling properties of the
vi
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free-standing films have been evaluated by galvanostatic discharge-charge cycling
and electrochemical impedance spectroscopy. Results showed that the free-standing
composite film with 70 wt% graphene exhibited the lowest charge transfer resistance
and the highest capacity of about 308 mAh g-1 after 50 cycles, without any noticeable
fading.
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CHAPTER 1 Introduction

CHAPTER 1 Introduction

Energy production and consumption that rely on the combustion of fossil fuels have
had severe impacts on world economics and ecology [ 1 , 2 ]. Increasing energy
demand worldwide and mandates to minimize greenhouse gas emissions require the
production of energy in a sustainable manner and efficient usage. Therefore, the
development of renewable energy sources is ongoing. Electrochemical energy
conversion and storage systems, which include batteries, fuel cells, and
supercapacitors, are undoubtedly playing a very important role as an alternative
because the energy consumption is designed to be more sustainable and more
environmentally friendly. The rechargeable lithium ion battery is one of the most
promising candidates [3-8]. After several years’ research effort, it is expected that
lithium-ion battery powered electric vehicles could penetrate the market. Lithium ion
batteries are also a good choice to store energy from other renewable sources in a
green smart grid, especially in the case of intermittent sources of clean energy, such
as wind, solar, and tidal energy.

Lithium ion batteries offer several advantages compared to the other battery systems,
such as their higher energy density (up to 180 Wh kg-1), higher cell voltage (up to
about 3.8 V per cell), and longer charge retention or shelf life (up to 5-10 years).
Amongst the energy storage systems, these batteries have shown the greatest success
in the portable electronics market for the past two decades [9-13]. As the power
source for transportation applications, lithium ion batteries are the only alternative
that has well-developed technology, in contrast to fuel cells or supercapacitors, at
least at the moment. Compared with traditional combustion engines and gas turbines,
2
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however, lithium ion batteries still exhibit much lower power. The specific
requirements on lithium ion batteries for future applications are also very different.
For example, next generation portable electronic devices demand higher energy
density and must be more flexible and thinner. The most important requirements on
lithium ion batteries for EVs or HEVs, however, are safety and low cost. Energy
storage systems require batteries with stable cycling performance and long cycle life.

Electrode materials play the most important role in lithium ion batteries, having the
most influence on the battery performance. Moreover, electrode materials account
for most of the cost of a battery. For example, in an 18650 cell, the cathode materials
account for 40-50% of the overall battery cost, whereas the anode and electrolyte
take up about 20-40%. In order to reduce the battery cost, it is necessary to develop
and employ cost-effective electrode materials for sustainable development [14-18].

In the study of rechargeable lithium ion batteries, there are several main areas of
research, such as anode materials, cathode materials, electrolytes, binders, separators,
and the overall construction or design of the cell. This doctoral study mainly focuses
on developing new anode electrode materials for rechargeable lithium ion batteries
and extending our understanding of the dependence of the electrochemical properties
on the materials’ morphology and structure.

Chapter 2 commences with a literature review related to the lithium ion batteries.
The chapter includes an overview of the general background, a brief history, basic
concepts and principles, and the general components of rechargeable lithium ion
batteries, followed by the recent research and development in this area.
3
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Chapter 3 presents the overall experimental methods and procedures used in this
study, as well as the details of the starting materials and chemicals used in the
synthesis and fabrication. Additional specific details are given at the beginning of
each chapter as required.

Chapter 4 discusses graphene nanosheets synthesized by using a time-efficient
microwave autoclave method. The effects of the reaction time and temperature on the
graphene characteristics are explored. Field emission scanning electron microscopy
and transmission electron microscopy analysis have demonstrated the different
morphologies of graphene nanosheets synthesized under various reaction conditions.
Raman spectroscopy further revealed that the layer d-spacing of graphene nanosheets
becomes smaller with increasing reaction time or temperature. These results have
broadened our understanding of the synthesis conditions for graphene nanosheets and
provided useful information for the synthesis of the graphene-based composite
materials discussed in the following chapters.

Chapter 5 explores germanium-graphene nanocomposite material with threedimensional nanostructures. The first part describes the synthesis of pure germanium
and germanium-graphene nanocomposite by using an efficient one-step, aqueousbased method. In the second part, the physical and electrochemical properties of the
materials have been evaluated by galvanostatic discharge-charge cycling, cyclic
voltammetry, and electrochemical impedance spectroscopy. The unique sandwich
structure

of

germanium-graphene

nanocomposite

is

favourable

for

good

electrochemical behaviour. The graphene content increases the material’s
4
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conductivity, enlarges the specific surface area, delivers enough sites to allow
dispersion of the Ge nanoparticles without excessive agglomeration, and provides
void space to buffer the volume change of active materials during discharge/charge
cycles.

Chapter 6 is devoted to Fe3O4-graphene composites that have a three-dimensional
laminated structure. In the first part, Fe3O4 nanoparticles have been in-situ deposited
onto graphene nanosheets by using a simple in-situ hydrothermal method. In the
second part, the three-dimensional composite was physically characterized by field
emission scanning electron microscopy and transmission electron microscopy,
followed by electrochemical evaluation via galvanostatic discharge-charge cycling,
cyclic voltammetry, and impedance spectroscopy. Fe3O4-graphene composite that
has a three-dimensional laminated structure, leading to superior performance, is
clearly demonstrated. The graphene nanosheets in the composite materials could act
not only as lithium storage active materials, but also as an electronically conductive
matrix to improve the electrochemical performance of Fe3O4.

Chapter 7 investigates a SnO2-graphene composite that was synthesized by an ultrafast and environmentally friendly microwave autoclave method. From field emission
scanning electron microscopy and transmission electron microscopy, the structure of
SnO2-graphene composites with uniformly sandwiched SnO2 nanoparticles in
between graphene nanosheets was determined. It is also demonstrated that the in-situ
loading of SnO2 nanoparticles is an effective way to prevent graphene nanosheets
from being restacked during the reduction reaction.

5
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In Chapter 8, the application of microwave autoclave synthesized graphene
nanosheets has been extended to the formation of composites with single-walled
carbon nanotubes as free-standing film electrodes to serve as flexible lithium ion
battery

anodes.

Transmission

electron

microscopy

and

X-ray

diffraction

characterizations revealed an enlarged d-spacing of the graphene–single-walledcarbon-nanotube composites. Based on galvanostatic discharge-charge cycling and
electrochemical impedance spectroscopy, the electrochemical performance of the
free-standing composite film was also found to be improved.

In Chapter 9, general conclusions are summarized, and recommendations for further
studies based on this work are also discussed.

6
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2. 1 Introduction to Lithium Ion Batteries
2.1.1

General Introduction

The main advantage for the use of lithium metal in batteries is its high
electrochemical potential of -3.024 V, combined with its low equivalent weight.
Hence, it has a high electrochemical equivalent of 3.86 Ah g-1. The gravimetric
energy density of lithium batteries is up to 5 times higher than that of alkaline
batteries. Other important advantages of lithium batteries consist in their low selfdischarge rates of about 1% per year, and wide range of working-temperatures from 60 °C to +100 °C. Conventional alkaline batteries do not work in extremely lowtemperature applications.

In February 1990, Sony first announced that they had invented a practical rockingchair battery using LiCoO2 as the cathode material and refinery coke as the anode.
This battery had good performance in charge and discharge, and had a high capacity.
They proposed the “lithium ion battery” for the first time in the world. The greatest
success of this system was in using carbon material, which can allow Li ions to insert
and de-insert themselves reversibly, instead of using Li metal as anode. Over the past
20 years, lithium ion battery technology has been constantly improved and is fast
becoming the first choice of power sources for handheld video cameras, mobile
phones, laptops, portable power tools, and other electronic products. Large-scale
lithium ion batteries are prime contenders as power sources for electric vehicles (EVs)
and for load-levelling applications. Figure 2.1 compares the energy densities of the
7

CHAPTER 2 Literature Review
different types of rechargeable batteries [19]. It is obvious that lithium ion batteries
deliver the highest energy density among the different systems.

Figure 2.1 Energy densities of the different types of rechargeable batteries [19].

The major advantages and disadvantages of lithium ion batteries, relative to other
types of batteries, are summarized in Table 2.1 [20-24].

8
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Table 2.1 Advantages and disadvantages of lithium ion batteries.
Advantages

Disadvantages

Sealed cells: no maintenance required;

Moderate initial cost;

Long cycle life;

Degrades at high temperature;

Broad temperature range of operation;

Need for protective circuitry;

Long shelf life;

Capacity loss or thermal runaway when

Low self-discharge rate;

over-charged;

Rapid charge capability;

Venting and possible thermal runaway when

High rate and high power discharge crushed;
capability;

Cylindrical designs typically offer lower

High coulombic and energy efficiency;

power density than NiCd or NiMH.

High specific energy and energy density.

2.1.2

A Brief History

The development of modern batteries as a form of energy storage can be traced to
Galvani in the 1790s [25]. Interest increased in this new area rapidly, and in 1800,
Volta outlined his design of a device that could produce a constant current from an
appropriate assembly of dissimilar metals, which became known as the “voltaic pile”
[26]. In 1802, Cruickshank replaced silver with copper and inserted the cell into a
brine filled box, which enabled the cells to be mass produced [ 27 ]. Serious
development of battery systems with high energy density was commenced in the
1960s and concentrated on non-aqueous primary batteries using lithium as the anode
material. The first lithium-based battery, which was a non-rechargeable type, was
demonstrated in the early 1970s in selected military applications. At that time,
9

CHAPTER 2 Literature Review
however, use was limited, as suitable cell structures, formulations, and safety issues
needed to be resolved. The commercialization of rechargeable lithium ion batteries
was first achieved in 1991 by the Sony Company in Japan. The history of battery
development is listed as follows in Table 2.2.

Table 2.2 History of battery development.
1600

Gilbert (UK)

Establishment of electrochemistry study

1791

Galvani (Italy)

Discovery of “animal electricity”

1800

Volta (Italy)

Invention of the voltaic cell

1802

Cruickshank (UK)

First electric battery capable of mass production

1820

Ampere (France)

Electricity through magnetism

1833

Faraday (UK)

Announcement of Faraday’s Law

1836

Daniell (UK)

Invention of the Daniell cell

1839

Grove (UK)

Invention of the fuel cell (H2/O2)

1859

Plante (France)

Invention of the lead acid battery

1868

Leclanche (France)

Invention of the Leclanche cell

1888

Gassner (USA)

Completion of the dry cell

1899

Jungner (Sweden)

Invention of the nickel-cadmium battery

1901

Edison (USA)

Invention of the nickel-iron battery

1932

Schlecht &Ackermann (Germany)

Invention of the sintered pole plate

1947

Neumann (France)

Successfully sealing the nickel-cadmium battery

1960

Union Carbide (USA)

Development of primary alkaline battery

1970

Development of valve regulated lead acid battery

1990

Commercialization of nickel-metal hydride battery

1991

Sony (Japan)

Commercialization of lithium ion battery

10
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2.1.3

Basic Principles and Components

Electrochemistry covers all reactions in which a chemical change is the result of
electric forces and, in the reverse case, where an electric force is generated by a
chemical process [20].

A galvanic cell is an electrochemical cell that generates electricity as result of the
spontaneous reaction occurring inside it. The cell consists of two dissimilar
electrodes (the anode and the cathode) immersed in an electrolyte solution. The
electrodes are electronic conductors, and the electrolyte solution is an ionic
conductor. At the interface between the electronic and the ionic conductors, the
passage of electrical charge is coupled with a chemical reaction. This type of reaction
is known as a redox reaction, where there is a transfer of electrons from one species
to another. There are two half reactions, which involve the oxidation (Ox) of one
species (the removal of electrons) at the anode and the reduction (Red) of another
(the addition of electrons) at the cathode.

At the anode: Red1 → Ox1 + e-

(2.1)

At the cathode: Ox2 + e- → Red2

(2.2)

Overall reaction: Red1 + Ox2 → Ox1 + Red2

(2.3)

A battery consists of one or more electrochemical units called “cells”. These cells are
connected in series or parallel, or both, depending on the designed output voltage and
capacity. Generally, a typical cell consists of four major components, as shown in

11
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Figure 2.2 [19]. They are an anode, a cathode, a separator, and the electrolyte among
them. In more detail:
(a) The anode, or negative electrode, or the reducing electrode, gives up electrons to
the external circuit and is oxidized during the electrochemical reaction.
(b) The cathode, or positive electrode, or the oxidizing electrode, accepts electrons
from the external circuit and is reduced during the electrochemical reaction.
(c) The electrolyte or the ionic conductor provides the medium for transfer of ions
inside the cell between the anode and cathode. The electrolyte is typically a
liquid (an organic solvent, such as ethylene carbonate (EC) – dimethyl carbonate
(DMC)), with dissolved salts (such as LiPF6) to impart ionic conductivity. Some
batteries use solid electrolytes, which are ionic conductors at the operating
temperature of the cell.
(d) The separator mainly has two functions. One is to keep the cathode and anode
electrodes apart, and the other is to serve as a safety device. When a cell becomes
too hot, the low-melting point polymers melt, thereby shutting off the cell current.

Figure 2.2 Schematic drawing showing the shape and components of various lithium
ion battery configurations: a, cylindrical; b, coin; c, prismatic; and d, thin and flat.
12
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Figure 2.3 shows the theoretical specific capacities of different electrode materials
[19]. For the anode (negative) materials, the lower the potential (vs. Li/Li+) the better,
and the opposite is true for cathode (positive) materials. It is obvious that there are
huge differences in capacity between Li metal and the other anode electrodes,
although the safety problem caused by dendrite growth is serious. Another issue is
that although the capacities of anode materials are generally much higher than those
of cathode materials, the real specific capacities of anodes in commercial use are
lower due to a number of reasons (tap density, substrate, etc.). So, research and
development (R&D) on anode and cathode materials are equally important.

Figure 2.3 Voltage versus capacity for positive and negative electrode materials [19].

2.1.4

Basic Concepts of Lithium Ion Batteries

In order to describe the battery system and evaluate the performance of the
electrochemical reaction, some basic concepts are needed, which are defined below.
13
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Voltage
The open-circuit voltage Voc (V) is the voltage across the terminals of a cell without
external current flow. It is determined by the difference between the electrochemical
potentials of the anode (negative) and the cathode (positive).

Voc =(  A - C ) / (-nF)

(2.4)

where AC is the difference between the electrochemical potentials of the anode
and the cathode, n is the number of electrons involved in the chemical reaction of the
cell, and F is the Faraday constant. The operating voltage of the cell is determined by:

V = Voc – IR

(2.5)

where I is the working current in the circuit and R is the internal resistance of the cell.

Capacity
Capacity Q (Ah) is the total amount of charge on the electrode in the cell for the
redox reaction during the discharge/charge process.

t2

Q =  I(t)dt = nzF

(2.6)

t1

where I(t) is the current, t is the time, n is the number of ions (mol), z is the valence
of the ions, and F = 96485 C mol-1 is the Faraday constant.

Specific Capacity

14
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The specific capacity Qs (Ah kg-1) for the charge (Qsc) or the discharge (Qsd) process
is calculated based on both the capacity and the material’s weight, namely, the
capacity per unit weight (kg) of the active material.

Irreversible capacity
Irreversible capacity results from irreversible lithium reactions which do not result in
insertion into or extraction from the active materials. It equals the difference between
the charge capacity and the discharge capacity for the nth cycle.

Irreversible capacity = nthQc – nthQd

Coulombic efficiency
Coulombic efficiency (e), always used to evaluate the cycling stability, is the ratio
of the charge capacity to the discharge capacity for the nth cycle.

e 

nthQd
nthQc

(2.7)

Energy
The terms specific energy, expressed in watt-hours per kilogram (Wh kg-1), and
energy density, expressed in watt-hour per litre (Wh L-1), are used to compare the
energy content of a cell.

Power
The terms specific power, expressed in watts per kilogram (W kg-1), and power
density, expressed in watts per litre (W L-1), are used to evaluate the rate capability.
15
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Charge/Discharge Rate
The term charge/discharge rate or C-rate is employed to estimate how fast lithium
can be transferred. C denotes either the theoretical charge capacity of a cell or the
nominal capacity of a cell. For example, C/5 means a current allowing a full
charge/discharge in 5 hours.

2. 2 Anode Electrode Materials

A lithium ion battery is composed of the anode, cathode, electrolyte, and separator.
All these components could affect the battery performance. Efforts have been made
towards improving each component to meet the requirements for lithium ion batteries
in potential applications [28-34]. Because of the high specific capacity of lithium
metal, it was always seen as the first choice of anode material in lithium batteries
during the 1970s and early 1980s. Lithium batteries were initially unsuccessful,
however. The main reason was the safety problem caused by using a lithium metal
anode. During the charge and discharge cycle, lithium is often deposited in dendrites.
The dendrites gradually grow during cycling and penetrate the separator after a
certain number of cycles, which could lead to a short circuit. Due to these safety
problems, researchers turned to alternative anode materials. The successful
commercial application of lithium ion batteries is mainly attributable to the use of
lithium compounds instead of Li metal as the anode. Ideal anode materials should
have the following conditions:
(a) Good reversibility and charge-discharge cycle life;
(b) High specific capacity;
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(c) Good compatibility with the electrolyte solution;
(d) Low first irreversible capacity;
(e) Safety and environmental friendliness;
(f) Abundant raw materials, a simple synthesis process, inexpensive.

Nevertheless, existing anode materials cannot meet all the above requirements at the
same time. Therefore, research and development of a new anode material with better
electrochemical characteristics has become highly topical in the lithium ion battery
research field. Graphitic carbon is currently the most often employed material for the
negative electrode due to its low cost, excellent cycling stability and reliability, and
non-toxicity [19,35,36]. Table 2.3 is a list of alternative anode materials for lithium
ion batteries [37,38].

2.2.1

Carbonaceous Materials

Carbon is capable of forming many allotropes due to its valency. Well known forms
of carbon include diamond and graphite. In recent decades, many more allotropes
and forms of carbon have been discovered and researched, including ball shapes such
as buckminsterfullerene and sheets such as graphene. Larger scale structures of
carbon include nanotubes, nanobuds, and nanoribbons. Other unusual forms of
carbon exist at very high temperature or extreme pressures. Figure 2.4 shows eight
allotropes of carbon.

Graphite anode was the first commercial anode material for lithium ion batteries and
is still the most widely used on the market. Lithium can be reversibly intercalated
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into and de-intercalated from its interlayers, with a low Li+ insertion voltage plateau
of about 0.1 V (vs. Li+/Li), which is close to that of metallic lithium, but it has
greatly improved safety compared with lithium anode batteries. It delivers a
theoretical capacity of 372 mAh g-1 for the end compound LiC6 [39]. Many kinds of
carbonaceous materials, from crystalline to disordered carbon, have been tested as
anodes over the past decade, and the electrochemical lithium intercalation properties
of such carbonaceous materials greatly depend on their crystallinity, morphology,
surface area, orientation of crystallites, etc.

Figure 2.4 Eight allotropes of carbon: a) diamond, b) graphite, c) lonsdaleite, d) C60
(buckminsterfullerene or buckyball), e) C540, f) C70, g) amorphous carbon, and h)
single-walled carbon nanotube or buckytube.
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Table 2.3 List of alternative anode materials for lithium ion batteries.

Carbonaceous materials are now the most widely used anodes in commercially
available lithium ion batteries (LIBs).This has been mainly due to the following
reasons:
(a) Low cost;
(b) High safety for people and the environment;
(c) Low lithium ion insertion potential (~0.1V vs. Li/Li+), which is very close to that
for metallic lithium;
(d) Good cycling stability due to the high mechanical integrity (compared to metal
alloys) of the electrode, even after 500 charge-discharge cycles; and
(e) Higher specific charge compared to transition metal oxides or transition metal
sulphides (see Table 2.3 [37]).
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The insertion of lithium into carbon is referred to as intercalation, with intercalation
being formally described as the insertion of a guest species into a layered host
structure, without any major resulting structural changes [36]. In half-cell reactions
against metallic lithium, lithium ion intercalation into carbon is referred to as the
discharge step, while the de-intercalation process is the charge step.

Cn + xLi+ + xe- ↔ LixCn

(2.8)

Carbon is the most widespread element in the nature. Depending on the sources and
methods of preparation, it has a large variety of complex structures. We can now
prepare many types of carbon materials in industry which have a tremendous impact
on the electrochemical properties (lithium ion insertion capacity and potential). In
1990, coke was used by Sony as anode to solve the propylene carbonate cointercalation problem [ 40 ]. Later, graphitized mesophase microbeads (MCMBs)
became more popular [41,42]. MCMB carbons offer good capacity, ~300 mAh g-1,
and low irreversible capacity, ~20 mAh g-1. Lower cost graphite offers a higher
theoretical capacity of 372 mAh g-1 to form LiC6, but has a higher irreversible
capacity of ~50 mAh g-1 and higher fade rates than MCMB carbons. Since 1990,
many efforts have been made to develop high capacity anode materials to replace
graphite. Non-graphitized carbon materials, including soft carbon and hard carbon,
have been widely studied [43-45].

More recently, as new allotropes of carbon have been discovered and come into use
as energy storage materials, more functional carbonaceous materials or composites
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are currently being explored as electrode materials for lithium ion batteries. Among
them, carbon nanotubes (CNTs) and graphene have been widely investigated and
have advanced the science and engineering of carbon materials [46-52].

CNTs can be categorized as single-wall (SWCNT), double-wall (DWCNT), and
multi-wall (MWCNT) types, with tube diameter less than 100 nm. It was found that
CNTs can offer Li intercalation between their pseudo-graphitic layers and/or inside
the central tubes [53]. The small diameters of CNTs can impose strain on the planar
bonds of the hexagon. This strain causes de-localization of electrons and makes the
structure more electronegative than regular graphitic sheets, which in turn, increases
the degree of Li intercalation. Therefore, the reversible capacity of anodes made
from CNTs can exceed 460 mAh g-1 and reach up to 1116 mAh g-1 [54,55].

Graphene, a single atomic layer of carbon (carbon atoms in a two-dimensional
honeycomb lattice), was found to exist in a free-standing form and exhibits many
unusual and intriguing physical, chemical, and mechanical properties [56,57]. Due to
the high quality of the sp2 carbon lattice, electrons were found to move ballistically
in graphene layers, even at ambient temperature [58,59]. Experiments show that
graphene has remarkably high electron mobility, even at low temperature, with
reported values as high as 20000 cm2 V-1s-1, and the mobilities for holes and
electrons are nearly the same [60]. One of most exciting possibilities is the use of
bulk graphene powders as anode materials for reversible lithium storage in lithium
ion batteries [60,61,62].

21

CHAPTER 2 Literature Review
In this doctoral study, graphene nanosheets have been synthesized by using a timeefficient microwave autoclave method, and the effects of the reaction time and
temperature on the graphene characteristics were also explored to help select the
optimum graphene for lithium ion batteries. The application of microwave autoclave
synthesized graphene nanosheets was also extended to the formation of composites
with single-walled carbon nanotubes to improve the electrochemical performance of
flexible free-standing electrodes for lithium ion batteries.

2.2.2

Lithium-Metal (Li-M) Alloys

Lithium can be electrochemically alloyed with a number of metallic and semimetallic elements, such as Si, Sn, Ge, Pb, P, As, Sb, Bi, Al, Au, In, Ga, Zn, Cd, Ag,
and Mg [54,63-66]. The electrochemical alloying reaction of lithium with metals has
been widely studied since the 1970s [36,67,68]. Lithium can form intermetallic
compounds with many other metals and store a large quantity of lithium by the
formation of alloys (Li4.4Si, which corresponds to a Li storage capacity of 4200 mAh
g-1, Li4.4Ge: 1600 mAh g-1, LiAl and Li4.4Sn: 990 mAh g-1, and Li3Sb: 665 mAh g1

).The electrochemical charge/discharge processes of these alloys are apparently very

simple, since they are based on the lithium alloying in charge and de-alloying in
discharge:

M + xLi ↔ LixM

(2.9)

In practice, however, the use of these Li-M alloys as electrodes in a lithium cell is
affected by the large volume expansion/shrinkage during lithium intercalation and
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de-intercalation [69-72], i.e. with a volume change of the order of 310, 255, and
130%, associated with the lithium alloying with Si, Sn, and Sb, respectively [73].
This causes cracking and crumbling, resulting in “dead volume”, which is electrically
disconnected from the bulk material or the current collector. The mechanically
inactive “dead volume” results in a fast electrode decay [74]. Many strategies have
been developed to alleviate this mechanical strain and accommodate the volume
change, i.e. some works have shown that synthesis of nanosized alloys could
improve the cycling performance [75,76]. The strategies can be mainly described in
terms of three categories or combinations of them [54]: (a) Minimization of particle
size. When the particle size decreases, the absolute volume change of the anode
material during lithium alloying/de-alloying will decrease, thus reducing the cracking.
(b) Introducing a second component. Another component could be reaction inert or
active (but not having the same reaction potential as lithium), forming a composite or
alloy, in order to accommodate the anode material’s volume change and prevent
aggregation. (c) Hollow nanostructure. The small space in the hollow area could
accommodate the volume change, so as to reduce the chance that active materials
will peel off.

In 2005, Sony commercialized its Nexelion cell containing a tin-based amorphous
alloy Sn/Co/C anode with Ti metal [77]. Although tin experiences a large volume
change on Li insertion, the tin-based amorphous alloy obtained by Sony was shown
to exhibit 92% capacity retention after 100 cycles. Studies of electrochemical
lithiation of tin at elevated temperatures showed that Sn reacts with lithium to yield
seven different Li-Sn line phases within the Li-Sn diagram: Li2Sn5, LiSn, Li7Sn3,
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Li5Sn2, Li13Sn5, Li7Sn2, and Li22Sn5 [ 78 ]. Lithium reversibly reacts with Sn,
experiencing this series of Li-Sn alloys during the charge and discharge processes.

Silicon shows a similar reaction mechanism to tin, and lithiation at elevated
temperatures has demonstrated the formation of intermetallic compounds, such as
Li12Si7, Li7Si3, Li13Si4, and Li22Si5, in the reactions [79]. Although Si anode exhibits
much higher capacity than Sn and has attracted much attention for anode research
recently, some technical issues remain that hinder commercialization [ 80 ].
Germanium (Ge), as another metallic element in Group IV, has recently gained
increasing attention as a most promising alternative to Si. Compared to Si, Ge
exhibits a 400 times higher diffusivity of Li+ (room-temperature) and a 104 times
higher electrical conductivity, as well as a theoretical capacity of 1600 mAh g -1 (4.4
Li+ ions per Ge atom). Nevertheless, the fully lithiated Ge still undergoes a volume
change of 370% during the Li ion insertion/extraction process. To overcome this
problem, various strategies have been reported, such as changing the morphology,
combining the Ge with an inactive/active matrix, and encapsulating the Ge in carbon
shells.

In this doctoral study, germanium-graphene nanocomposite material with threedimensional nanostructures has been synthesized by an efficient one-step, in-situ,
aqueous-based method. By combining the Ge with graphene, the Ge nanocomposites
could have an enhanced electron transport rate, good structural stability, and high
surface area, which would make them promising materials for various kinds of
commercial LIBs.
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2.2.3

Metal Oxides

Various metal oxides have been extensively investigated as anode for lithium ion
batteries. They always deliver much higher capacity than commercial graphite anode.
Metal oxide anodes can be classified into three groups depending on their reaction
mechanisms with lithium [25,46-48]: (a) lithium alloy reaction (SnO2); (b)
insertion/extraction reaction (TiO2, Li4Ti5O12); and (c) conversion reaction (Fe2O3,
Co3O4, NiO, CuO, etc.).

Transition metal oxides were long regarded as only cathode materials. This situation
did not change until it was demonstrated that lithium ions could intercalate and deintercalate into/out of their crystal structure reversibly at low potential [ 81 ].
Transition metal oxides can be divided into two categories according to the different
mechanisms of lithium intercalation and de-intercalation. One class is oxides such as
TiO2, MoO2, Nb2O5, etc., into which lithium ions can be reversibly inserted, without
the formation of Li2O. The other is represented by MO (M = Co, Ni, Cu, Fe), in
which the insertion of lithium ions is accompanied by the formation of Li2O. The
reaction process involves the formation and decomposition of Li2O, accompanying
the reduction and oxidation of the metal particles via the following displacement
reaction [81]:

MxOy + 2yLi ↔ xM + yLi2O

(2.10)

It had long been reported that bulk Li2O was electrochemically inactive and therefore
unable to be decomposed. By manufacturing nanostructured MO precursors,
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however, the resultant Li2O is also nanostructured and may be decomposed [81-86].
This finding made it possible for the reaction of nanostructured MOs with lithium to
be completely reversible, and these materials received significant attention as
possible anode materials for use in lithium ion batteries [ 87 ]. Previous reports
showed that MO nanoparticles can exhibit reversible capacities up to 700 mAh g-1
[88-91], and this capacity is almost three times larger than that of the graphite based
anode electrodes that are currently used in commercial rechargeable lithium ion
batteries.

In this doctoral work, nanostructured Fe3O4 and its composite with graphene
nanosheets are extensively studied. Fe3O4 has a high theoretical capacity of 922 mAh
g-1 and low irreversible capacity loss for the first cycle, and graphene nanosheets as a
three-dimensional (3D) laminated carbon matrix to improve the performance of
Fe3O4 have been investigated. A general strategy has been demonstrated to yield
optimum electrochemical properties. It involves constructing a 3D laminated
architecture from a combination of nanostructured metal oxide and graphene
nanosheets. The Fe3O4-graphene nanocomposite was synthesised using a one-step,
in-situ hydrothermal method, which has operational simplicity and the capability for
large-scale production.

SnO2 is the most important metal oxide anode in the Li-alloy reaction category for
lithium ion batteries. The reaction mechanism of SnO2 with lithium is as follows
[92,93]:

SnO2 + Li →Sn+ Li2O

(2.11)
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Sn + 4.4Li ↔ Li4.4Sn

(2.12)

In the first lithiation process, lithium ions are irreversibly introduced, forming
metallic Sn and inactive Li2O. Then, for the second step, Sn reversibly reacts with
lithium and undergoes the same process mentioned above. Because of the presence
of inactive oxygen, SnO2 shows less capacity (theoretical specific capacity: 783 mAh
-1

) and smaller initial coulombic efficiency than metallic Sn. As Sn has a very low

melting point, however, and trends to be oxidized when nanostructured, SnO2 is
more easily handled and stored. Moreover, the electrochemically induced Li2O that is
produced when SnO2 reacts with lithium can work as a matrix to prevent tin
aggregation. Although Fujifilm failed to commercialize their tin-based composite
oxide anode, SnO2 is still attracting research interest in combination with the concept
of “nano”, and many nanostructures have been introduced to facilitate lithium
alloying and improve cycling stability. Due to the same alloy mechanism, the large
volume expansion of tin, and the destruction of the Li2O matrix with cycling [50-52],
strategies to alleviate the mechanical strain and volume change for Sn and Si will
also work for SnO2 to improve the cycling stability, mainly the use of nanostructures
such as nanowires and nanorods, nanotubes, nanocomposites, and porous and hollow
structures.

Owing to the advantages of high surface-to-volume ratios and excellent surface
activities for one-dimensional (1D) nanostructured materials, SnO2 nanowires and
nanorods were investigated as anode for lithium ion batteries. Such 1D geometry can
also offer direct channels for efficient electron transport, while sharing the same
advantages as other nanostructures, so good electrochemical performance is expected
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from such electrodes. SnO2 nanowires synthesized by thermal evaporation combined
with a self-catalysed growth procedure [53] showed improved electrochemical
performance compared with SnO2 powder and nanowires prepared by Au-assisted
growth [54]. SnO2 nanorods with high specific capacity were reported via a molten
salt method at moderate temperatures and atmospheric pressure [55]. Later, SnO2
nanorod arrays were reported, grown directly on a large-area flexible metallic
substrate under the hydrothermal process and tested as a binder-free electrode [56].
Carbon is an ideal component in SnO2 based composite anodes because it could
prevent the agglomeration of tin, accommodate the volume expansion, and also
improve the electronic conductivity, so SnO2/carbon composites with various
morphologies have been synthesized [25]. Moreover, carbon coating is always
introduced in other SnO2-based nanostructured anodes, such as SnO2/carbon
nanocolloids [57], SnO2/carbon nanoparticles [58], SnO2/carbon hollow nanospheres
[59], etc. Besides these, SnO2–metal oxide composites have been deposited as thin
films with unique porous structure by the electrospray method, such as Li2O-CuOSnO2 composite with a spherical, multideck/cage morphology [60] and SnO2-Co3O4
composite with 3D reticular structure [61].

Porous and hollow structured SnO2 has always been synthesized with the assistance
of soft or hard templates, such as ordered mesoporous structures, hollow spheres, and
nanotubes. The space in the pores or hollow structures could act as a buffer for the
large volume change of tin compared with solid SnO2 particles. Cho et al. prepared
mesoporous SnO2 anode using mesoporous silica template that delivered a reversible
capacity of 800 mAh g-1 at 0.2 C [62]. Lou et al. reported a simple one-pot, templatefree synthesis of SnO2 hollow nanostructures by the hydrothermal technique based
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on an inside-out Ostwald ripening mechanism involving an ethanol-water mixed
solvent and potassium stannate precursor [63]. Wang et al. reported the synthesis of
polycrystalline hollow SnO2 spheres in the presence of a secondary hollow carbon
sphere template that had first been prepared from a primary silica template [64].
They also reported preparation of SnO2-C composite consisting of porous SnO2
nanotubes with coaxially grown CNT over layers by the chemical vapour deposition
(CVD) method in an anodized aluminium oxide (AAO) template [65].

Notably, although many SnO2-based anode materials have been synthesized, it is still
intellectually stimulating and technologically important to fabricate higher-order
nanostructures and to explore their properties in applications, while keeping the
methods of preparation relatively simple, low-cost, and scalable. Moreover, the large
irreversible capacity resulting from the large surface areas for various SnO2
nanostructures is still a big problem.

In this doctoral study, SnO2 and its composite with graphene nanosheets have been
synthesized using a novel microwave autoclave strategy which combines the
advantages of high efficiency and productivity with low temperature and low risk, as
well as environmental friendliness and energy saving. The composite material
consists of stacks of graphene nanosheets containing only a few layers that are
embedded with SnO2 nanoparticles in a highly uniform distribution for superior
anode in lithium ion batteries.

2. 3 Bendable Batteries and Free-standing Electrodes
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A conventional lithium ion battery typically consists of a positive electrode and a
negative electrode spaced by a separator, an electrolyte, a case, and feed-through pins
respectively connected to the electrodes and extending externally from the case. Each
electrode is formed from a metal substrate that is coated with a mixture of an active
material, an electrical conductor, a binder, and a solvent. The negative electrode is
consists of a copper substrate with graphite as the active material. The positive
electrode is typically based on an aluminium substrate with lithium cobalt dioxide as
the active material.

With recent advances in the technology of various types of soft portable electronic
equipment, such as roll-up displays, wearable devices, and implanted medical
devices, there has been strong market demand for ultra-thin and flexible batteries to
power them. Active radio-frequency identification tags and integrated-circuit smart
cards also require flexible or bendable batteries for durability in everyday use [94,95].
Making such ultra-thin and flexible batteries requires the development of active
materials for soft and robust thin film electrode.

Carbon nanostructures are of tremendous interest, from both a fundamental and an
applied perspective. The applications investigated include using carbon nanotube as
an anode for lithium ion batteries. Single-walled carbon nanotubes (SWCNTs) form
bundles with close-packed 2D triangular lattices. The rope-shaped crystallites offer
an all-carbon host lattice for lithium storage. They have exhibited reversible
capacities (Crev) of 170–600 mAh g-1, which can be further improved up to 1000
mAh g-1 (Li2.7C6) by ball milling, chemical etching, or acid oxidation [96-102].
Recently, it has been proposed that using thin SWCNT mats, one form of the so30
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called buckypaper, as electrode without any substrate can not only maintain good
cycling performance compared with that of conventional coated electrodes, but also
can effectively reduce the manufacturing cost [103,104].

In this doctoral work, free-standing composite electrodes of graphene-carbon
nanotube were fabricated for bendable lithium ion batteries. Microwave autoclave
synthesized graphene nanosheets were embedded with SWCNTs to form a unique
sandwich structure. The application of these composites as flexible, free-standing
film electrodes was investigated.
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3. 1 List of Materials

The list of materials and chemicals used during my study for the synthesis and
characterization of materials is summarized in Table 3.1.

Table 3.1 Description of chemicals and materials used in this study.
Materials/Chemicals

Formula

Purity

Supplier

Graphite

C

-

Fluka

Sulphuric acid

H2SO4

95-98%

Sigma-Aldrich

Potassium peroxodisulfate

K2S2O8

≥99%

Sigma-Aldrich

Phosphorus pentoxide

P2O5

≥98%

Sigma

Potassium permanganate

KMnO4

≥99%

Sigma-Aldrich

Hydrogen peroxide

H2O2

30%

Sigma-Aldrich

Hydrochloric acid

HCl

37%

Sigma-Aldrich

Sodium hydroxide

NaOH

≥98%

Sigma-Aldrich

Hydrazine monohydrate

N2H4∙H2O

98%

Sigma-Aldrich

Germanium(IV) oxide

GeO2

≥99.99%

Aldrich

Polyvinyl pyrrolidone

(C6H9NO)n

-

Sigma-Aldrich

Sodium borohydride

NaBH4

≥99%

Fluka

Iron(II) chloride tetrahydrate

FeCl2•4H2O

≥99.0%

Sigma-Aldrich

Pyrenebutyric acid

C20H16O2

97%

Aldrich

Tin(II) chloride dihydrate

SnCl2•2H2O

≥98%

Sigma-Aldrich

32

CHAPTER 3 Experimental
Single-walled carbon nanotube

C

>85%

Unidym

Ethanol

C2H5OH

100%

Sigma-Aldrich

Triton X-100

(C2H4O)n∙C14H22O

-

Acetone

(CH3)2CO

100%

Chem-supply

Carboxymethyl cellulose

-

-

Aldrich

Poly(vinylidene) fluoride

(CH2CF2)n

-

Sigma-Aldrich

Aluminium foil

Li

BG

Ganfeng

Copper foil

Cu

BG

Vanlead Tech.

CR2032 coin cell sets

-

-

Lexel

Carbon black

C

Super P

Timcal Belgium

Electrolyte

LiPF6-EC/DMC

BG

Guotai-Huarong

3. 2 Overall Framework of the Experiments

Figure 3.1 shows an overview of the experimental procedures followed in this study.
Materials were prepared through various synthesis methods and characterized by
different physical techniques. Electrochemical measurements were conducted that
involved the application of these materials as the electrodes in coin-type lithium ion
batteries. The structure and morphology of the materials after electrochemical
cycling were also investigated.
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Figure 3.1 The overall framework of the experiments.

3. 3 Materials Preparation
3.3.1

Chemical Solution Process

The majority of chemical processes are reactions that occur in solution. Important
industrial processes often utilize solution chemistry. A solution is a homogenous
mixture of substances with variable composition. The substance present in the major
proportion is called the solvent, whereas the substance present in the minor
proportion is called the solute. It is possible to have solutions composed of several
solutes. The process of a solute dissolving in a solute is called dissolution. Solutions
are said to be homogeneous because they have uniform composition and properties.
Solutions are intimate and random homogeneous mixtures of atomic-size chemical
species, ions, or molecules. In addition to their observed homogeneity, true solutions
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also have certain other characteristics. For example, components of a solution never
separate spontaneously, even when a significant density difference exists between the
components. Solutions also pass through the finest filters unchanged.

In Chapter 5, the chemical solution process has been used to synthesize Ge and Gegraphene composite. In an alkaline medium, NaBH4 can serve as a reducer, and
therefore, the GeO2@GO was reduced in-situ to Ge-graphene nanosheets during this
process.

3.3.2

Hydrothermal Synthesis

The hydrothermal synthesis method is a typical wet-chemical treatment which is well
known in the fields of mineralogy and geology for the formation of minerals. The
term hydrothermal was first used to describe the action of water at elevated
temperature and pressure in bringing about changes in the Earth’s crust leading to the
formation of various rocks and minerals. Today, the hydrothermal technique has
profound effects in several branches of science and technology, and has led to the
appearance of several related techniques, such as synthesis of new phases or
stabilization of new complexes, crystal growth of several inorganic compounds,
preparation of finely divided materials and micro crystallites with well-defined size
and morphology for specific applications, etc. A hydrothermal reaction can be
defined as any heterogeneous chemical reaction in the presence of a solvent (whether
aqueous or non-aqueous) above room temperature and at pressure greater than 1 atm
in a closed system. The factors in a hydrothermal reaction, the solvent species, the
degree of solvent filling in the liner, the concentration of the precursors, the
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temperature, the pH value, and the use of a surfactant, can all affect the final
products in terms of purity, phase, and crystal structure and morphology.

Figure 3.2 PARR 4843 stirred reactors (Parr Instrument Company)

In Chapter 6, the hydrothermal reactions have taken place in a PARR 4843 high
pressure stirred reactor (Figure 3.2) to synthesize Fe3O4 and its composite with
graphene nanosheets. Compared to the conventional non-stirred autoclave vessels,
this reactor provides high speed stirring and temperature/pressure control/monitoring
functions, which, in practice, can provide a uniform heat distribution and conditions
for the reaction. During the reaction process, graphite oxide was reduced to graphene
nanosheets with a portion of the Fe2+ ions oxidized in-situ into Fe3+ and then co-
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precipitated into nanosized Fe3O4 particles in an alkaline medium, where hydrazine
hydrate serves as either an oxidant or a reducer.

3.3.3

Filtration Technique

The generally accepted methods of making carbon nanotube films involve the use of
non-ionic surfactants, such as Triton X-100 [105] and sodium lauryl sulphate [106],
which improves CNT dispersibility in aqueous solution. These suspensions can then
be membrane filtered under positive or negative pressure to yield uniform films
[107].

Figure 3.3 Filtration process using Whatman 47 mm filtration cell.

In this study, a filtration technique was used to fabricate graphene/carbon nanotube
composite films. Firstly, a dispersion of graphene/carbon nanotube/Triton X-100 in
de-ionized water was prepared. Secondly, a poly(vinylidene) fluoride (PVDF)
membrane (pore size 0.22 μm, GV Millipore) was wetted in a 50:50 v/v de-ionized
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water to ethanol solution for 30 minutes. Then, passing the as-prepared suspension
through the wetted PVDF filter in a 3-piece filter funnel (Whatman, 47 mm, as
shown in Figure 3.3) under a positive pressure of 400 kPa produced a “free-standing”
mat of graphene/carbon nanotube. Subsequently, the resultant film was washed with
200 ml de-ionized water. Finally, the film was peeled off from the PVDF filter after
drying overnight in a vacuum oven.

3.3.4

Microwave Autoclave Method

Microwave synthesis represents a major breakthrough in synthetic chemistry
methodology, a dramatic change in the way chemical synthesis is performed and in
the way it is perceived in the scientific community. Conventional heating, long
known to be inefficient and time-consuming, has been recognized to be creatively
limiting as well. In concert with a rapidly expanding applications base, microwave
synthesis can be effectively applied to any reaction scheme, creating faster reactions,
improving yields, and producing cleaner chemistries.

Microwaves are a powerful, reliable energy source that may be adapted to many
applications. Microwaves (Figure 3.4) area form of electromagnetic energy that falls
at the lower frequency end of the electromagnetic spectrum, and the microwave
range is defined in the 300 to about 300,000 megahertz (MHz) frequency range.
Within this region of electromagnetic energy, only molecular rotation is affected, not
molecular structure. Out of four available frequencies for industrial, scientific, or
medical applications, 2450 MHz is preferred because it has the right penetration
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depth to interact with laboratory scale samples, and there are power sources available
to generate microwaves at this frequency.

Figure 3.4 The electromagnetic spectrum.

Traditionally, chemical synthesis has been achieved through conductive heating with
an external heat source. Heat is driven into the substance, passing first through the
walls of the vessel in order to reach the solvent and reactants (Figure 3.5(a)). This is
a slow and inefficient method for transferring energy into the system because it
depends on the thermal conductivity of the various materials that must be penetrated.
Microwave heating, on the other hand, is a very different process. As shown in
Figure 3.5(b), the microwaves couple directly with the molecules that are present in
the reaction mixture, leading to a rapid rise in temperature. Because the process is
not dependent upon the thermal conductivity of the vessel materials, the result is an
instantaneous localized superheating of anything that will react to either dipole
rotation or ionic conduction, the two fundamental mechanisms for transferring
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energy from microwaves to the substance being heated. Microwave heating also
offers facile reaction control. It can be described as “instant on-instant off”. When
the microwave energy is turned off, latent heat is all that remains.

Figure 3.5 Schematic of sample heating by (a) conduction and (b) microwaves.

In a typical reaction coordinate process (Figure 3.6 [108]), the process begins with
reactants (A and B), which have a certain energy level (ER). In order to complete the
transformation, these reactants must collide in the correct geometrical orientation to
become activated to a higher-level transition state (ETS). The difference between
these energy levels is the activation energy (Ea) required to reach this higher state
(ETS – ER = Ea). The activation energy is the energy that the system must absorb from
its environment in order to react. Once enough energy is absorbed, the reactants
quickly react and return to a lower energy state (Ep), the energy of the products of the
reaction (A-B). Microwave irradiation does not affect the activation energy, but
provides the momentum to overcome this barrier and complete the reaction more
quickly than conventional heating methods.

40

CHAPTER 3 Experimental

Figure 3.6 Reaction coordinate process showing progress of reaction.

The first microwave systems employed for laboratory applications were simple,
inexpensive, domestic microwave ovens designed for home use. These systems were
commonly available, easy to operate, and due to their unsophisticated design, simple
to modify for concept testing. Results from the use of microwave energy to promote
these applications were often promising, but with safety and hardware limitations.
Namely, these systems were not designed for the harsh conditions encountered in the
laboratory, nor did they permit the kind of flexibility in reaction handling and
software programming necessary to gain large scale use.

In this doctoral study, a Milestone Microsynth Microwave Labstation (MicroSYNTH,
Germany, as shown in Figure 3.7) has been employed. The MicroSYNTH offers
flexibility of operation. It allows operations in both open and closed vessels, and
chemical reactions can be optimized in small volumes and then taken to larger scale
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within the same microwave unit. The microwave field is homogeneously diffused
throughout the entire cavity by a specifically designed mode stirrer. A magnetic
stirrer is also built-into the system, which designed to ensure vigorous stirring of the
solutions in all the vessels, independently of their position in the cavity, thus assuring
reliable and consistent results. With a reaction monitoring and software programming
system, the reaction can be properly controlled.

Figure 3.7 Milestone Microsynth Microwave Labstation 230/50Hz.

In Chapter 7, the microwave autoclave method has been used to synthesize graphene
and SnO2-graphene composite materials for lithium ion battery anodes. This
synthesizing strategy combines the advantages of high efficiency and productivity
with low temperature and risk, as well as environmental friendliness and energy
saving, giving it significant potential for industry application.
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3. 4 Electrode Preparation and Coin-Cell Assembly

The working electrodes were prepared by mixing the as-prepared electrode materials
with carbon black (a conductive agent) and polyvinylidene difluoride (PVDF, a
binder, dissolved in N-methyl-2-pyrrolidinone) at a typical weight ratio of 8:1:1 and
pasting onto copper foil (18 microns in thickness), with an area of 1 cm2 for each
electrode. The electrodes were dried in a vacuum oven at 60 to 110 C. After
pressing at a pressure of about 20 MPa, the electrodes were then transferred into an
argon-filled glove box for coin cell assembly. The weight of each electrode was
calculated from the weight difference between the copper foil before and after
application of the electrode material paste.

The coin cells were assembled in an Ar-filled glove box (Mbraun, Unilab, Germany)
with H2O and O2 levels of less than 1 ppm. CR2032 coin type cells (Figure 3.8) were
employed in the battery tests, with lithium foil serving as counter electrode and a
porous Celgard polypropylene membrane as separator. The electrolyte consisted of a
solution of 1 M LiPF6 dissolved in a mixture of the solvents ethylene carbonate (EC)
and dimethyl carbonate (DMC), in a volume ratio of 1:1. The coin cell component
stacking sequence is shown in Figure 3.8.
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Figure 3.8 Component stacking sequence in a coin-type cell.

3. 5 Physical and Structural Characterization
3.5.1

X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD) is a technique used to characterise the
crystallographic structure, crystallite size (grain size), and preferred orientation in
polycrystalline or powdered solid samples. X-ray radiation is a type of
electromagnetic wave with wavelengths on the order of angstroms (~1 Å), on the
same order as the atomic plane d-spacing in crystals. So, interference occurs at a
certain angle from the sets of atomic planes, and the scattering is unique to the
crystal structure. The resultant pattern could be used to analyse the sample structure
by scanning the sample through a range of angles (2), as then all possible
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diffraction directions of the lattice should be attained due to the random orientation
of the powdered material. Conversion of the diffraction peaks to d-spacing allows
identification of a mineral because each mineral has a set of unique d-spacing. The
constructive interference between incident rays and the elastic scattering of X-rays
from the electron clouds of the individual atoms of the crystal follow Bragg’s Law:

n  2d sin  
where n is an integer,  is the wavelength of the incident X-ray beam, d is the
distance between atomic planes in a crystal, and  is the angle of incidence.

In this study, all the XRD measurements were performed using a GBC MMA X-ray
generator and diffractometer with Cu Kα radiation. The instrument operates at room
temperature, with  optics, and is equipped with a 3 kW generator and Cu K Xray tubes. The instrument is fully automated and operates in conjunction with a
comprehensive database. The system is interfaced with Visual XRD and Traces
version 6.6.10 software designed for graphical processing and manipulation. The
tube voltage and current were set at 40 kV and 25 mA, respectively.

3.5.2

Scanning Electron Microscopy and Energy-dispersive X-ray Spectroscopy

The scanning electron microscope (SEM) is used primarily to observe electrode
surface topography or the morphology of powder samples. It is a type of electron
microscope that images the sample surface by scanning it with a high-energy beam
of electrons, and collects and analyses the signals from the specimen generated
electrons, which contain the information about the sample’s surface topography,
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composition, and other properties. Signals in a SEM include secondary electrons,
back-scattered electrons, characteristic X-rays, light, specimen current, and
transmitted electrons. Secondary electron detectors are common in all SEMs.
Secondary electrons are produced on the specimen surface and are detected by a
suitable detector. The amplitude of the secondary electron signal varies with time
according to the topography of the specimen surface. Then, the signal is amplified
and used to display the corresponding specimen surface information. Secondary
electron imaging can produce very high resolution images revealing details less than
1 nm in size.

Energy-dispersive X-ray spectroscopy (EDS) is one of the variants of X-ray
fluorescence spectroscopy for the elemental analysis or chemical characterization of
a sample. Because each element has a unique atomic structure, allowing X-rays to
identify them from each another, the EDS technique analyses the information from
X-rays emitted from a specimen as it is hit by electrons, giving elemental
information.

In this study, sample morphologies were investigated using a JEOL JEM-3000 (30
kV) SEM. Some of the higher resolution SEM images were obtained by using a field
emission scanning electron microscope (FE-SEM), a JEOL JSM-7500FA.

3.5.3

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique whereby a
beam of electrons is transmitted through an ultra-thin specimen, interacting with the
46

CHAPTER 3 Experimental
specimen as it passes through. An image is formed from the interaction of the
electrons transmitted through the specimen; the image is magnified and focused onto
an imaging device, such as a fluorescent screen, or on a layer of photographic film,
or is detected by a sensor such as a charge-coupled device (CCD) camera. TEM is
capable of imaging at a significantly higher resolution than light microscopes, owing
to the small de Broglie wavelength of electrons. Selected area electron diffraction
(SAED) can also be performed inside a transmission electron microscope, revealing
crystallographic information on the samples. In this technique, the atoms in a
specimen act as a diffraction grating to the high-energy electrons from the electron
gun. According to the crystal structure of the sample, some fraction of the electrons
are scattered to particular angles, while others directly pass through the sample. As a
result, there will be a series of spots on the image, with each spot corresponding to a
satisfied diffraction condition of the sample’s crystal structure.

In this work, TEM investigations were performed using a JEOL 2011 (200 kV)
analytical electron microscope and also a Zeiss microscope, a 912 Omega with
ProScan, and a slow scan charge-coupled device camera at 100 kV (ETH Zurich).
TEM samples were prepared by deposition of ground particles onto lacy carbon
support films.

3.5.4

Raman Spectroscopy

Raman spectroscopy is an important spectroscopic technique used to investigate
vibrational, rotational, and other low-frequency modes in a system. It can be used as
a complementary tool to XRD. Based on a light scattering technique, Raman
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measurement can be considered as a process where a photon of light interacts with
the molecule or lattice (phonons) in a sample to produce scattered radiation of
different wavelengths. In the measurement, the incident monochromatic radiation
(usually from a laser) interacts with the sample, which could results in both elastic
scattering (Rayleigh scattering) and inelastic scattering (Stokes and anti-Stokes
Raman scattering), which shows an energy shift from the incident radiation, unlike
Rayleigh scattering. This energy shift (in the form of frequency or wavelength) is
detected and recorded, providing chemical and structural information on materials
due to the interaction between the incident electromagnetic waves and the molecular
rotations and vibrations, or electronic level transitions.

In this study, the Raman spectroscopy was conducted on a JOBIN YVON HR800
Confocal Raman system with 632.8 nm diode laser excitation on a 300 lines/mm
grating at room temperature.

3.5.5

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a characterization method that is performed on
samples to determine changes in weight in relation to change in temperature. The
precise weight of the carbon contents in composite materials was determined by
heating samples to high temperature (up to 800 ºC) in air atmosphere. In this study,
TGA was performed using METTLER TOLEDO TGA/DSC 1 equipment with
microsized aluminium oxide crucibles (70 l).
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3.5.6

Surface Area Measurement

Based on the Langmuir theory, with the hypothesis of monolayer gas adsorption on
solid surfaces, Brunauer, Emmett, and Teller (BET) extended the theory to
absorption of multilayer gas molecules, and the BET theory was developed as an
important analysis technique for the measurement of the specific surface area of a
material. The BET equation is expressed as:

1
C 1  P 
1

 
W [(P0 / P)  1] WmC  P0  WmC

(3.2)

in which W is the weight of gas absorbed at a relative pressure P/P0 and Wm is the
weight of adsorbate constituting a monolayer of surface coverage. The term C is the
BET constant. In BET analysis, 1/W[(P0/P)-1] is plotted as a function of P/P0.
Within the range of 0.05 < P/P0 < 0.35, the function remains linear. Wm can be
obtained from the slope and the intercept. The specific surface area (SBET) is
expressed as:

S BET 

WmNs
aV

(3.3)

where N is Avogadro’s number, s is the adsorption cross section of the adsorbing
species, V is the molar volume of the adsorbate gas, and a is the mass of adsorbent.

In this study, the BET measurements were conducted with a Quantachrome Nova
1000 nitrogen gas analyser through a 15-points nitrogen adsorption isotherm at 77 K
after degassing the powder samples with nitrogen at 150 oC.
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3. 6 Electrochemical Characterization
3.6.1

Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical measurement
and has been widely used to investigate the thermodynamics and kinetics of electron
transfer in an electrochemical reaction in the working electrode. In a CV experiment,
the cell is cycled in a potential window, where the working electrode potential is
ramped linearly versus time, as with linear sweep voltammetry. Cyclic voltammetry
takes the experiment a step farther than linear sweep voltammetry, which ends when
it reaches a set potential. When the set potential is reached in cyclic voltammetry, the
working electrode's potential ramp is inverted. The current will increase and form a
peak when the potential reaches the point where a reaction occurs. In a redox
reaction, pairs of oxidation and reduction peaks appear when potential is ramped in
different directions. The change of potential as a function of time is called the scan
rate. The relationship between the peak current (ip) and the scan rate follows the
Randles-Sevcik equation:

ip = (2.69 × 105) n3/2 ACD1/2v1/2

(3.4)

where n is the number of moles of electrons transferred in the reaction, A is the area
of the electrode, C is the analyte concentration, D is the diffusion coefficient, and v is
the scan rate.

CV is a widely used method for studying electrode processes, especially for
providing insights into the nature of processes beyond the electron-transfer reaction.
In this study, CV has been used to characterize the electrochemical properties of
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electrodes made from different materials. In a typical experiment, the CV testing was
conducted by measuring the I-V response at a scan rate of 0.1 mV s-1 within the set
electrochemical window, using an Ametek PARSTAT 2273 electrochemistry
workstation. Parameters were optimized within these ranges depending upon the
materials under investigation.

3.6.2

Galvanostatic Charge and Discharge Testing

The capacity and cyclic performance of the materials were measured using
galvanostatic charge/discharge tests with various voltage cut-offs on a Land battery
test system (Wuhan Kingnuo, China) at different constant current densities. The
charge or discharge capacity (Q) equals the total electron charge in each process and
can be calculated from the recorded current and the time Q = I × t. The parameters of
the charge and discharge were selected depending upon the theoretical capacity of
the material under investigation.

3.6.3

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a technique to examine
electrochemical processes, such as electron transfer, mass transport, and chemical
reactions. EIS can be performed in potentiostatic (PEIS) or galvanostatic (GEIS)
mode. In PEIS, impedance measurements are conducted by applying a sine wave
around a potential E that can be set to a fixed value or a value that is relative to the
working electrode equilibrium potential over a range of frequencies. A typical
impedance spectrum consists of a low frequency semicircle resulting from the kinetic
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processes and a high frequency tail corresponding to the diffusion processes. The
GEIS technique is very similar to PEIS, except that the current is controlled instead
of the potential.

In this study, EIS was applied to investigate the electrochemical behaviour of the asobtained materials. In a typical experiment, ac impedance spectroscopy
measurements were carried out using a Princeton Applied Research PARSTAT 2273
instrument with the Power Suite software package by applying a sine wave of 5 mV
amplitude over a frequency range of 100.00 kHz to 0.01 Hz. All impedance
measurements were carried out in the discharged state of the cells.
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4. 1 Introduction

Graphene nanosheets (GNS) are emerging nanomaterials that are two-dimensional
layers with one-atom thickness and strongly bonded carbon networks, which have
outstanding properties such as non-toxicity, chemical and thermal tolerance,
electrical conductivity, and mechanical hardness. Such properties suggest a wide
range of industrial applications, including adsorbents, catalyst supports, thermal
transport media, structural and electronic components, batteries/capacitors, and even
applications in biotechnology [56, 109 - 120 ]. In particular, these materials have
superior electrical conductivity compared to graphitic carbon, high surface areas of
over 2600 m2/g, chemical tolerance, and a broad electrochemical window that would
be very advantageous for application in energy technologies.

The current electrode materials employed in the lithium-ion battery (LIB) are lithium
intercalation compounds such as graphite and LiCoO2, because these materials can
be reversibly charged/discharged under intercalation potentials with sufficient
specific capacity. Much higher density electrodes are increasingly important,
however, as the demand for advanced electrical vehicles and/or mobile electronic
device power back-ups increases. In this investigation, the possibility of higher
lithium storage capacity was explored by controlling the layered structures of
graphene nanosheet (GNS) materials. The GNS materials can be prepared by
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exfoliation of a bulk graphite crystal to yield a dispersion of individual atomic-layer
graphene sheets, and a reassembling process results in layered nanosheet products.
According to this process, the nanosheet materials consist of stacks of several oneatom thick graphene sheets. Controlling the reassembling of monolayer graphene
sheet materials in solution would allow the tuning of the inter layer spacing, the
thickness of the GNS, and the morphology. Structural control of the nanosheet
materials may affect the lithium storage properties.

In this chapter, the synthesis of graphene nanosheets using a microwave autoclave
assisted hydrothermal method has been investigated with variation of temperature
and reaction time to investigate their effects on the material’s morphology and intergraphene layer spacing, as well as its electrochemical properties.

4. 2 Experimental
4.2.1

Synthesis

The graphene nanosheets were prepared by using a microwave autoclave method.
Graphite oxide (GO) was synthesized from natural graphite powder (Fluka) by a
modified Hummers method, as reported elsewhere [121]. 60 mg of the as-prepared
GO was added into 200 mL 0.02 M HCl solution, followed by 2 hours
ultrasonication to make a homogeneous suspension. 150 mg NaOH and 3 mL
H4N2•H2O were then added to the solution, followed by 10 min stirring. The solution
was then transferred into sealed Teflon vessels (25 mL each) and reacted under
different temperatures (120 ºC, 150 ºC, and 180 ºC) for 5 min using a Milestone
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Microsynth Microwave Labstation (Germany). In an alkaline medium, hydrazine
hydrate can serve as a reducer, and therefore, the GO was reduced to graphene
nanosheets (GNS) during this process. The black products were washed repeatedly
with de-ionised water and dried at 100 ºC in a vacuum oven overnight. The products
were designated GNS-1, GNS-2, GNS-3, GNS-4, and GNS-5, respectively (see
Table 4.1).

4.2.2

Physical and Electrochemical Characterization

The products were characterized by using X-ray diffraction (XRD, GBC MMA) with
Cu K radiation, as well as field emission scanning electron microscopy (FE-SEM;
JEOL 7500) and transmission electron microscopy (TEM; JEOL 2011 200 keV).
Atomic force microscopy (AFM) was used to reveal the size of the graphene sheets
and the thickness of graphene layers. Raman spectroscopy was conducted to
characterize the as-prepared graphene, using a JOBIN YVON HR800 Confocal
Raman system with 632.8 nm diode laser excitation on a 300 lines mm-1 grating at
room temperature. The electrochemical characterisations were carried out by using
2032 coin cells. The electrodes were prepared by dispersing the active material, 80%
graphene material, 10% carbon black, and 10% sodium carboxymethyl cellulose
(CMC, average Mw: 250,000, Aldrich) binder in distilled water to form a
homogeneous slurry. The slurry was spread onto pieces of copper foil. The
electrodes were dried at 100 ºC in a vacuum oven overnight and then pressed to
enhance the contact between the active materials and the conductive carbon. The
cells were assembled using lithium metal foil as the counter electrode in an argon-
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filled glove box. The electrolyte solution was 1 M LiPF6 in ethylene
carbonate/diethyl carbonate (EC/DMC, 50:50 v/v). Constant-current charge–
discharge tests were performed in the range of 0.01–3.00 V at different current
densities. An Ametek PARSTAT 2273 electrochemistry workstation was used to
perform cyclic voltammetry (CV) (scanning rate 0.1 mVs-1).

Table 4.1 Reaction conditions for synthesis of GNS.
Sample name

Reaction time (min)

Reaction temperature (oC)

GNS-1

5

120

GNS-2

5

150

GNS-3

5

180

GNS-4

15

120

GNS-5

30

120

4. 3 Results and Discussion

The X-ray diffraction pattern obtained from GNS-3 (180 C/5 min) is presented in
Figure 4.1, together with those of the as-prepared GO and the pristine graphite. The
diffraction peak around 26.4ºfor graphite (Figure 4.1(a)) has completely disappeared
in the graphite oxide pattern, and a broad peak has arisen at 2= 10.9º(Figure
4.1(b)), indicating the successful oxidation of raw graphite to graphite oxide [122].
For GNS-2 (Figure 4.1(c)), the diffraction peaks at 2 = 24.4ºand 43.2ºcan be
attributed to graphite-like (002) and (100) reflection, respectively [ 123 ]. This
indicates that the graphite oxide were successfully reduced to graphene nanosheets
during the microwave autoclave reaction.
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Figure 4.1 X-ray diffraction patterns for the as-prepared (a) graphite, (b) graphite
oxide, and (c) GNS-3 synthesized at 180 C/5 min.

To investigate the morphology of the as-obtained GNS materials, field emission
scanning electron microscopy (FE-SEM) was performed. The images reveal a curled
morphology consisting of rippled structures for each sample. Figure 4.2(a) presents
an FE-SEM image of microwave autoclave synthesized GNS under the reaction
conditions of 120 oC/5 min (GNS-1). By comparing it with GNS synthesized at 150
o

C/5 min and 180 oC/5 min (GNS-2 and GNS-3, Figure 4.2(b) and (c)), it can be

found that with increasing in the reduction temperature, a trend towards more
nanosized thin wrinkled structures can be observed. Similarly, when the reaction
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time is increased, the layered structure of graphene nanosheets becomes more
corrugated. This phenomenon could be possibly due to the minimization of surface
energy [124]. Oxygen-containing functional groups on the GO were reduced by
hydrazine hydrate during the reaction. At higher temperature, this reaction proceeds
faster (e.g., GNS-3 at 180 ºC/5 min compared to GNS-1 at 120 ºC/5 min); with
longer reaction time, the reaction proceeds further towards completion (e.g. GNS-5
at 120 ºC/30 min compared to GNS-1 at 120 ºC/5 min). GO reduced at higher
temperature or for a longer time lost more oxygen-containing groups from its surface,
which made it less stable. Therefore, the resultant surface-stress-induced strains led
to the formation of the observed wrinkled structures.

The rippled and crumpled structures of the GNS samples were further revealed by
high resolution TEM (HR-TEM), and the images are shown in Figure 4.3. The
stacked structure of the nanosheets in the cross-sections of the GNS can be clearly
observed. Interestingly, the GNS prepared at the temperatures of 120, 150, and 180
C showed a trend in average d-spacing values of 0.43, 0.40, and 0.36 nm,
respectively. This trend can be attributed to the degree of GO reduction, as the
introduction of oxygen-containing functional groups (such as hydroxyl and epoxide)
results in an increase in the d-spacing of GO compared to graphite [ 125 ]. As
mentioned previously, over a range of reduction temperatures and pressures, GO can
form a series of graphene–graphene-oxide transition states. The types and quantities
of the oxygen-containing functional groups on the surface of the graphene can be
varied. In the reaction, elevating the temperature or increasing the reaction time
could make the reduction reaction proceed further, which means that more oxygen58
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containing functional groups are lost from the surface of the GO within a certain
reaction time. Therefore, with fewer supporting oxygen groups on their surfaces, the
d-spacing of the graphene interlayers is decreased.

Figure 4.2 FE-SEM images of GNS synthesized under the conditions of (a) 120 oC/ 5
min, (b) 150 oC/ 5 min, (c) 180 oC/5 min, (d) 120 oC/15 min, and (e) 120 oC/30 min
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Figure 4.3 HR-TEM images of graphene nanosheets synthesized using the
microwave autoclave method at the reaction temperatures of (a) 120 ºC, (b) 150 ºC,
and (c) 180 ºC. The average interlayer d-spacings were estimated from measurements
of sets of approximately parallel fringes, as indicated on the figure panels.
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Raman spectroscopy was performed on the as-prepared GNS samples and the spectra
are shown in Figure 4.4. The intensities of the D and G bands of each spectrum (at
1330 cm−1 and 1580 cm−1, respectively) can be measured as ID and IG, respectively.
The ID/IG values for the GNS-1, GNS-2, GNS-3, GNS-4 and GNS-5 samples were
calculated and summarized in Table 4.2. It is obvious that ID/IG decreases with
increasing reaction temperature or time. The decrease in the ID/IG ratio is ascribed to
the decrease in the number and/or the size of sp2 clusters [126]. In the experiment,
the oxygen functional groups in the GO sheets were removed by the chemical
reduction, and the size of the conjugated G network (sp2 carbon) that was reestablished was smaller than the original one. Therefore, the ID/IG ratio can be a good
measure of the degree of reaction, which further proves that the reduction proceeds
further with increasing reaction temperature or time.

Intensity (a.u.)

D
GNS-1
GNS-2
GNS-3
GNS-4
GNS-5

500

G

1000

1500
-1

Raman shift (cm )
Figure 4.4 Raman spectroscopy of GNS samples.
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Table 4.2 ID/IG comparison of GNS samples.
Sample No.

Reaction time (Minute)

Reaction temperature (oC)

ID/IG

GNS-1

5

120

1.90

GNS-2

5

150

1.86

GNS-3

5

180

1.70

GNS-4

15

120

1.84

GNS-5

30

120

1.80

Figure 4.5 shows a comparison of the cycling performance of the discharge capacity
for GNS-1, GNS-4, and GNS-5 samples. It can be observed that there was a large
irreversible discharge capacity in the first cycle for each sample, which was mainly
due to the formation of the solid electrolyte interphase (SEI) layer. From the 2nd
cycle, a reversible discharge capacity of about 470, 454, and 425 mAh g-1 is observed
for the electrodes made with GNS-1, GNS-4, and GNS-5, respectively. It can be
obviously seen that GNS-1 has the highest discharge capacity among the three
samples. Interestingly, after 50 cycles, the discharge capacity of the electrodes
dropped down to about 392, 391, and 407 mAh g-1, respectively, which is 83.4%,
86.1%, and 95.8% of the capacity in the 2nd discharge. GNS-5 has the most stable
cycling performance among the three samples. This phenomenon may be related to
the oxygen functional groups and the expansion in the d-spacing of the graphene
nanosheets. Larger d-spacing may contribute additional sites for accommodation of
lithium ions, so that materials with larger d-spacing values (GNS-1) show higher
discharge capacities [110]. On the other hand, oxygen-containing groups on the
surface of graphene nanosheets will affect the electrochemical performance, resulting
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in higher irreversible capacity due to the reaction between the oxygen-containing
groups and the lithium ions [ 127,128]. Therefore, materials with more residual
oxygen-containing groups (GNS-1) showed poor cycling performance.
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Figure 4.5 Cycling behavior at a current density of 100 mA g-1 for electrodes made
from the graphene nanosheets samples.

4. 4 Summary

In this chapter, graphene nanosheets were synthesized by using an ultra-fast
microwave autoclave method. It was found that the physical and electrochemical
properties of the graphene nanosheets can be influenced by the microwave autoclave
reaction conditions. With longer reaction time or higher temperature, the reduction
reaction was found to proceed further. With fewer oxygen-containing functional
63

CHAPTER 4 Synthesis of Graphene Nanosheets Using an Ultra-fast Microwave
Autoclave Method
groups remaining on the surface of the graphene nanosheets, the surface is less stable,
and therefore, the surface-stress-induced strains lead to the formation of the observed
wrinkled structures. In addition, with fewer supporting oxygen groups, the d-spacing
of the graphene interlayers is decreased. These preliminary results extend our
knowledge of graphene synthesis. More investigations on the characteristics of
graphene and graphene composites will be discussed in the following chapters.

64

CHAPTER 5 In-situ One-step Synthesis of 3D Nanostructured GermaniumGraphene Composite and Its Application in Lithium Ion Batteries

CHAPTER 5 In-situ One-step Synthesis of 3D Nanostructured GermaniumGraphene Composite and Its Application in Lithium Ion Batteries

5. 1 Introduction

Rechargeable lithium ion batteries (LIBs) are used in a wide range of rapidly
growing technologies, including portable electronics, electric/hybrid electric vehicles,
and renewable energy systems [129-133]. For this reason, the search for higher
energy density LIBs has attracted more and more attention. Silicon (Si), as one of the
most promising candidates for the anode material, has been intensively studied due to
its extremely high theoretical capacity (4200 mAh g-1) and abundant natural
resources [134,135]. Its major drawbacks of low conductivity and large volume
change during lithiation/de-lithiation, which leads to pulverization and capacity
fading, are still unresolved, however. Germanium (Ge), as another metallic element
in Group IV, has recently gained increasing attention as a most promising alternative
to Si [136-138].

Compared to Si, Ge exhibits a 400 times higher diffusivity of Li+ (room-temperature)
and a 104 times higher electrical conductivity, as well as a theoretical capacity of
1600 mAh g-1 (4.4 Li+ ions per Ge atom) [139-141]. Nevertheless, the fully lithiated
Ge still undergoes a volume change of 370% during the Li ion insertion/extraction
process [142-145]. To overcome this problem, various strategies have been reported,
such as changing the morphology [ 146 , 147 ], combining the Ge with an
inactive/active matrix [148-150], and encapsulating the Ge in carbon shells [151].
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Graphene, as a single layer of carbon atoms in a hexagonal lattice, features
outstanding thermal, mechanical, and electronic properties [109,110,152] that make
it an ideal active matrix, not only to prevent particle agglomeration, but also to
suppress local stress and large volume expansion/shrinkage during the lithiation/delithiation processes [153-157]. Therefore, by combining the Ge with graphene, the
Ge nanocomposites could have an enhanced electron transport rate, good structural
stability, and high surface area, which would make them promising materials for
various kinds of commercial LIBs.

Recently, Cheng et al. reported a novel synthesis route to obtain nanoscale Gegraphene nanocomposites with enhanced electrochemical performance (532 mAh g-1
after 15 cycles) [158]. The method is complicated and time consuming, however, and
the use of sodium powder and the organic solvent dimethylformamide (DMF) also
raises safety and environmental concerns. As a promising concept, Ge/graphene
composite material needs to be further explored with a faster and more
environmentally friendly fabrication method that can be scaled up for industry. In
addition, study of the Ge/graphene morphology is also vitally needed in order to
optimize its electrochemical properties. In this Chapter, an efficient one-step, in-situ,
water-based, green approach has been demonstrated to synthesize a Ge/graphene
composite that consists of three-dimensional graphene nanosheet structures with a
uniform Ge nanoparticle distribution for superior anodes in lithium ion batteries.

66

CHAPTER 5 In-situ One-step Synthesis of 3D Nanostructured GermaniumGraphene Composite and Its Application in Lithium Ion Batteries
5. 2 Experimental
5.2.1

Synthesis

All the chemicals are analytically pure and used as received without further
purification. Graphite oxide (GO) was synthesized from natural graphite powder
(Fluka) by a modified Hummers method, as reported elsewhere [159]. In a typical
synthesis, 60 mg GO was put into 20 mL 0.15 M NaOH solution, followed by
constant stirring for 30 min with ultrasonication to form solution A. Subsequently,
260 mg GeO2 and 20 mg polyvinyl pyrrolidone (PVP) were dissolved completely in
solution A. Under constant stirring, the pH of the solution was slowly adjusted by 0.5
M HCl to pH 6−8 to form solution B. In the meantime, the reducing agent, 486.4 mg
NaBH4, was dissolved in 20 mL icy cold distilled water (~4 ºC) to form a 0.32 M
homogeneous solution and then stored in a refrigerator (~4 ºC). Then, under
continuous stirring, 20 mL NaBH4 solution was dropped into a flask containing the
as-prepared solution B and then transferred to a water bath at 60 ºC for 3 h. In an
alkaline medium, NaBH4 can serve as a reducer, and therefore, the GeO2@GO was
reduced in-situ to Ge-graphene nanosheets (Ge-GNS) during this process. After
cooling down naturally, a dark brown solution was formed, and then the resultant
powder, designated as Ge-GNS, was obtained by centrifugation, repeatedly washed
with de-ionized water and ethanol, and dried in a vacuum at 60 ºC overnight. For
comparison, pure Ge nanoparticles were also prepared according to this method.

5.2.2

Physical and Electrochemical Characterization
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X-ray diffraction was performed using a GBC MMA instrument with Cu Kα
radiation and a graphite monochromator. Scanning electron microscopy was
performed using a JEOL 7500 field emission scanning electron microscope (FESEM) equipped with a JEOL energy dispersive spectroscopy (EDS) system.
Transmission electron microscopy (TEM) was performed using a JEOL 2011
analytical instrument. TEM samples were prepared by dispersion of the Ge-graphene
product onto Quantifoil™ perforated carbon support films, and selected area electron
diffraction patterns were obtained from regions of the sample located over the holes.
Raman spectroscopy was conducted to characterize the as-prepared graphene, using a
JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation
on a 300 lines mm-1 grating at room temperature. Thermogravimetric analysis (TGA)
was performed using a SETARAM Thermogravimetric Analyzer (France) in air to
determine the changes in sample weight with increasing temperature and to estimate
the amount of graphene in the samples. The electrochemical characterizations were
carried out by using 2032 coin cells. The electrodes were prepared by dispersing 80%
active materials, 10% carbon black, and 10% sodium carboxymethyl cellulose (CMC,
average Mw: 250 000, Aldrich) binder in distilled water to form a homogeneous
slurry. The slurry was spread onto pieces of copper foil. The electrodes were dried at
60 ºC in a vacuum oven overnight and then pressed to enhance the contact between
the active materials and the conductive carbon. The cells were assembled in an
argon-filled glove box using lithium metal foil as the counter electrode. The
electrolyte solution was 1 M LiPF6 in ethylene carbonate/dimethyl carbonate
(EC/DMC, 50:50 v/v). Constant-current charge–discharge tests were performed in
the range of 0.01–1.50 V at different current densities. Note that the mass of
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graphene has been included when calculating the specific reversible capacity of the
Ge-GNS composite. An Ametek PARSTAT 2273 electrochemistry workstation was
used to perform cyclic voltammetry (CV) (scanning rate 0.1 mVs-1) and
electrochemical impedance spectroscopy (EIS) (ac amplitude 5 mV, frequency range
100 kHz-0.01 Hz).

5. 3 Results and discussion
5.3.1

Physical and Structural Characterization

The powder X-ray diffraction (XRD) pattern obtained from the as-prepared bare Ge,
as shown in Figure 5.1(b), contains two very broad diffraction peaks, consistent with
a very fine, or even amorphous, Ge nanostructure. A similar XRD pattern obtained
from the aqueous solution synthesis of Ge nanocrystals was attributed to the
formation of a chemically disordered face-centred cubic crystal structure [121]. After
being annealed at 600 ºC under Ar gas, all the diffraction peaks, as shown in Figure
5.1(a), become intense and sharp, and can be readily indexed to diamond-like cubic
Ge (JCPDS card No. 04-0545; space group Fd3m, a = 5.657 Å). Comparing Figure
5.1(a) and (b), it can be obviously found that the second more broadened peak at
ºin Figure 5.1(b) is attributable to the overlapping of the (220) (2º) and
(311) (º) peaks in Figure 5.1(a) [121,160-163]. The diffraction pattern of the
Ge-GNS nanocomposite is shown in Figure 5.1(c), which matches well with the pure
Ge pattern (Figure 5.1(b)), indicating the presence of Ge in the composite. In
addition, no obvious peaks corresponding to carbon are found, which may be due to
overlapping with the peak of cubic germanium. To further confirm the formation of
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Ge and the presence of graphene in the composite material, Raman spectroscopy was
employed, and the spectrum is shown in Figure 5.2. Typical graphene peaks at about
1355 cm-1 (D band, disorder induced phonon mode) and 1597 cm-1 (G band, graphite
band) are clearly observed. The peak at 298 cm-1 is in good agreement with the
typical Raman mode of Ge [148-150]. With the solid evidence above, it can be
concluded that Ge-GNS nanocomposite has been successfully synthesized using the
above-mentioned method.
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Figure 5.1 X-ray diffraction patterns obtained from bare Ge after 1 h sintering at 600
ºC (a), as-prepared bare Ge (b), and as-prepared Ge-GNS composite (c).
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Figure 5.2 Raman spectrum obtained from Ge-GNS nanocomposite material.

To investigate the morphology of the as prepared Ge-GNS nanocomposite material,
field emission scanning electronmicroscopy (FE-SEM) was performed, and a typical
image is shown in Figure 5.3(b). It can be observed that the Ge nanoparticles, in the
form of clusters, are distributed on and in between the layered three-dimensional (3D) network of graphene nanosheets. The 3-D network results in an apparent
enlargement of the material’s specific surface area and also provides enough space to
allow dispersion of the Ge nanoparticles without excessive agglomeration. To further
demonstrate the effects of the 3-D graphene in the composite on the morphology,
bare Ge nanoparticles were synthesized for comparison, using the same procedure as
the one followed for the composite preparation, but in the absence of GO. A typical
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SEM image is presented in Figure 5.3(a). It reveals that the bare Ge nanoparticles
have a similar particle size to those in the composite, but have suffered serious
agglomeration due to the absence of the 3-D graphene nanosheet matrix. Results of
SEM examination, combined with the corresponding energy dispersive X-ray
spectroscopy (EDS) mappings for the elements Ge and C, are shown in Figure 5.3(c).
The bright regions correspond to the presence of the elements Ge and C, respectively,
and indicate that Ge and C are distributed uniformly throughout the sample. The
background signal in the C mapping comes from the carbon conductive tape used
with the sample.

Figure 5.3 FE-SEM secondary electron images of (a) as-prepared bare Ge, (b) GeGNS nanocomposite, and (c) EDS mapping for the Ge-GNS nanocomposite.
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For quantifying the amount of graphene in the composite, TGA was carried out in air.
The samples were heated from 50 to 800 ºC at a rate of 10 ºC min-1. Figure 5.4 shows
the TGA curve of the Ge-GNS composite along with that of pure graphene. As can
be seen from Equation (5.1), the graphene content in the composite was all burned
out into CO2 during the heating process, while the Ge was oxidized into GeO2. So,
the final weight entirely corresponds to GeO2, from which the weight of Ge can be
calculated. By using this method, it was estimated that the amount of Ge in the GeGNS was about 72.7 wt%. Thus, the graphene content in the composite was about
27.3 wt%.
Ge-GNS (~800ºC in air) → GeO2 + CO2↑

(5.1)
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Figure 5.4 TGA curves of Ge-GNS and pure GNS.
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Figure 5.5 TEM images obtained from the as-prepared Ge-GNS nanocomposite
material: (a) bright field image and associated selected area electron diffraction
pattern; (b) bright field image and inset high resolution image of graphene layers at
the edge of the sample.
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Transmission electron microscopy (TEM) was used to further investigate the
structure and morphology of the as-prepared Ge-GNS nanocomposite material
(Figure 5.5). Figure 5.5(a) shows a region containing graphene nanosheets (marked
as GNS) and Ge nanoparticles (marked as Ge NPs). The inset selected area electron
diffraction pattern (SAED) obtained from the same area is shown in Figure 5.5(a).
The (002) peak reveals reflections consistent with the presence of the graphene
nanosheets. Faint diffuse contrast in the diffraction pattern associated with the Ge
particles indicates that they are amorphous. High resolution TEM confirmed the
presence of stacks of graphene layers located in regions near the edge of the sample,
such as those shown in the inset image in Figure 5.5(b), where a graphene interlayer
spacing of 0.35 nm was measured.

5.3.2

Electrochemical Properties

Discharge-charge cycling was carried out in the voltage range of 0.0-1.5 V (vs. Li) at
a current density of 100 mA g-1 up to 50 cycles. The first, second, and 50th chargedischarge curves of Ge-GNS are shown in Figure 5.6(a). The electrode made from
Ge-GNS nanocomposite showed an initial discharge and charge capacity of 1668
mAh g-1 and 1004 mAh g-1, respectively, in the first cycle. The large irreversible
capacity observed in the first cycle is mainly due to the large surface area contributed
by the graphene content in the Ge-GNS nanocomposite, where more solid electrolyte
interphase (SEI) layer was irreversibly formed [ 164 ]. To identify all of the
electrochemical reactions, the corresponding differential charge-discharge capacity
versus voltage profiles of Ge-GNS are presented in Figure 5.6(b). Three peaks can be
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observed in the first two cycles, which represent the stepwise lithium alloying
reaction to form different LixGe alloys. After 50 cycles, the peaks become less
obvious. This phenomenon is mainly due to the reduction in the particle size and
partial amorphisation from the electrochemical milling effect reported by Guo et al.
[165]. In order to confirm the reaction mechanism of discharge-charge for Ge-GNS,
cyclic voltammetry (CV) was conducted on the cell with Ge-GNS at ambient
temperature in the 0.0−1.5 V range at a scan rate of 0.1 mVs-1. Li metal was used as
the counter and reference electrode. The CV curve of the second cycle is shown in
Figure 5.6(c). The peak detected at around 0.53 V can be attributed to the conversion
from Ge to Li9Ge4, while the peak at 0.16 V corresponds to the formation of Li7Ge2.
As the potential approaches 0 V, a peak starts to appear, indicating the formation of
Li15Ge4 and Li22Ge5 [141,165]. The whole lithiation reaction can be expressed as a
three-step process based on the following reactions:

Ge → Li9Ge4→ Li7Ge2→ Li15Ge4 + Li22Ge5

(5.2)

The CV curve of the subsequent charge cycle shows a broad anodic peak at about
0.46 V, which coincides with reports in the literature [141]. The observation of
multiple peaks in the CV, complemented by the differential capacity versus potential
curves, is indicative of lithium insertion into equipotential sites, and the presence of
multiple sharp peaks at the first cycle suggests that a number of different Li-Ge
phases are formed during electrochemical lithiation [159].
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Figure 5.6 (a) Discharge and charge curves for selected cycles for Ge-GNS
composite; (b) differential charge-discharge capacity plots of Ge-GNS composite for
selected cycles; (c) cyclic voltammogram of Ge-GNS nanocomposite for the second
cycle at a scan rate of 0.1 mV s-1.

Figure 5.7(a) shows the cycling behaviour of the Ge-GNS nanocomposite electrode
at 160 mA g-1 (0.1 C) within the voltage range of 0.01-1.50 V, and the results for
bare Ge are also included for comparison. In the first cycle, the discharge capacities
for both samples are large due to the formation of the SEI layer. The second cycle
discharge capacity of bare Ge is about 1084 mAh g-1, which is quite similar to that of
the Ge-GNS nanocomposite sample. It can be observed, however, that the capacity of
the electrode made from bare Ge has dramatically decreased in the first three to four
cycles, and the electrode only shows a reversible capacity of 437 mAh g -1 after 50
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cycles. In comparison, the Ge-GNS nanocomposite sample presents much better
capacity retention, with discharge capacity of about 832 mAh g-1 up to 50 cycles. By
comparison with the Ge/graphene material reported by Cheng et al. (532 mAh g-1
after 15 cycles) [158], the superior cycling performance of the Ge-GNS composite
material obtained in this study can be demonstrated. The discharge-charge rate was
also varied to characterize the rate capability of the electrode made from Ge-GNS
nanocomposite (Figure 5.7(b)). The electrode made from bare Ge is also included for
comparison. The Ge-GNS electrode shows much higher specific capacity, about 400
mA h g-1 at a current density of 2 C, while the bare Ge electrode only presents a
capacity of less than 100 mA h g-1 at this rate. The good Li-cycling performance and
rate capability of the Ge-GNS nanocomposite electrode is attributable to the unique
3D structure, which provides enough space to allow dispersion of the Ge
nanoparticles without excessive agglomeration, so as to enable more efficient
channels for the lithium insertion and de-insertion during the cycling. Such structures
also limit the effect of volume expansion due to lithium insertion. Even though the
volume expansion still exists, the electrode is not pulverised, since Ge–GNS has
enough void spaces to buffer the volume change. In addition, the composite
material’s conductivity could be further improved owing to the electrically
conductive graphene [109].
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Figure 5.7 (a) Cycling behaviour for electrodes with bare Ge and Ge-GNS composite;
(b) rate capability for electrodes containing bare Ge and Ge-GNS nanocomposite
material.
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In order to further investigate the effects of the 3-D graphene nanosheets in the
composite

electrode

on

the

electrochemical

performance,

ac

impedance

measurements were conducted. The Nyquist plots obtained for the bare Ge and GeGNS electrodes after 20 cycles are compared in Figure 5.8. The thickness of the
electrodes was controlled at 50 μm, and the coated area of the electrodes was 1 cm 2.
To maintain uniformity, electrochemical impedance spectroscopy (EIS) was
performed on working electrodes in the fully charged state. At high frequencies, the
impedance response exhibits two semicircular loops, and there is a sloping straight
line in the low frequency region. Generally, the high frequency semicircle and the
semicircle in the medium-frequency region are attributed to the solid electrolyte
interphase (SEI) film and/or contact resistance, and the Li+ charge-transfer
impedance on the electrode/electrolyte interface, respectively. It can be clearly seen
that the diameters of the semicircles for the electrode with Ge-GNS are much smaller
than for the electrode with bare Ge after 50 cycles. The results indicate that the
charge-transfer resistance of the cell with the composite electrode is much lower than
that of the cell made from bare Ge. This phenomenon further confirms the reason
why the electrode made from Ge-GNS composite showed better Li-cycling
performance than the bare Ge one.

81

CHAPTER 5 In-situ One-step Synthesis of 3D Nanostructured GermaniumGraphene Composite and Its Application in Lithium Ion Batteries

-800

Ge-GNS composite
Bare Ge
-Z imaginary (Ohm)

-600

-400

-200

0
0

200

400

600

800

Z real (Ohm)

Figure 5.8 Nyquist plots for the electrodes containing bare Ge and Ge-GNS
nanocomposite.

To explore the reasons why the charge-transfer resistance is higher in the cell with
bare Ge after cycling, a morphological study was conducted on the electrodes made
from bare Ge and Ge-GNS nanocomposite before cycling and after 50 cycles. SEM
images of the surfaces of those electrodes are shown in Figure 5.9. Figure 5.9(a) and
(b) shows SEM images of the electrodes before cycling, while (c) and (d) shows
images of the electrodes after 50 cycles. As can be seen, the two electrodes before
cycling have a similar smooth surface. In comparison, the electrode made from bare
Ge material (Figure 5.9(d)) was seriously cracked after 50 cycles, while the electrode
made from Ge-GNS nanocomposite material still retained a similar surface
morphology to that of the electrode before cycling. This phenomenon is mainly due
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to the difference in the structural stabilities of the electrode materials. The graphene
content in the composite electrode could alleviate the volume changes in the Ge
nanoparticles to prevent the nanoparticles from agglomerating and the electrode from
cracking during the cycling. The electrode made from bare Ge material, however,
suffered from large volume changes during lithiation and de-lithiation, and therefore
big cracks have appeared, which dramatically affect the electrochemical performance.
This is the main reason why there is a much larger charge-transfer resistance shown
in the Nyquist plots (Figure 5.8) for the electrode with bare Ge than for the electrode
with Ge-GNS.

Figure 5.9 SEM images of Ge-GNS (a, c) and bare Ge (b,d) electrodes before cycling
(a-b), and after 50 cycles (c-d).
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5. 4 Summary

In this Chapter, three-dimensional germanium-graphene nanocomposite material
with a highly uniform distribution of Ge nanoparticles has been synthesized via an
efficient one-step, in-situ, and aqueous-based green method. The germaniumgraphene nanocomposite showed much better electrochemical performance than the
pure germanium, retaining capacity of about 832 mAh g-1 after 50 cycles and
exhibiting obviously improved rate capability. The superior performance of the
germanium-graphene nanocomposite can be attributed to the graphene nanosheet
matrix, which increases the composite’s conductivity, provides void space to buffer
the volume changes during discharge/charge cycles, and delivers enough sites to
allow dispersion of the Ge nanoparticles without excessive agglomeration, so as to
enable more efficient channels for the lithium insertion and de-insertion during the
cycling.
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CHAPTER 6 Graphene Encapsulated Fe3O4 Nanoparticles with 3D Laminated
Structure as Superior Anode in Lithium Ion Batteries

6. 1 Introduction

Rechargeable lithium ion batteries (LIBs) are currently the dominant power source
for portable electronic devices. Although such batteries have gained commercial
success, they fall short of satisfying needs for high power and/or capacity for
applications such as power tools and electric vehicles, or for efficient use of
renewable energy. Over the past decade, a worldwide effort has been made to
develop new high-performance electrode materials for next-generation LIBs.

As a new class of promising anode materials for LIBs discovered in 2000, transition
metal oxides have shown a number of desirable properties, such as high theoretical
capacity (500-1000 mAh g-1, compared with 372 mAh g-1 for conventional graphite),
based on a novel conversion mechanism [81]. However, most of the transition metal
oxides suffer from the problem of poor electronic conductivity, and hence need to be
modified by mixing with an electronically conductive agent, such as a carbon
material [ 166 ]. Another challenge that has delayed the practical application of
transition metal oxides is the poor cycling performance. The electrodes cannot
maintain their integrity over several discharge-charge cycles. This problem has been
partly attributed to the large volume changes during repeated lithium uptake and
removal reactions, which causes crumbling and cracking of the electrode, leading to
electrical disconnection from current collectors [ 167 - 169 ]. The aggregation of
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particles is still another problem and leads to significant reduction in active surface
area, while at the same time, the electrical contacts with the carbon black component
also deteriorate, thus leading to rapid and significant capacity fading [170]. One
generally accepted strategy to alleviate these problems is to prepare nanostructured
transition metal oxide/carbon composites by loading nanometer-sized transition
metal oxide onto a carbon-based matrix [171-174].

Graphene nanosheets are an emerging nanomaterial that consists of individual twodimensional (2D) layers that are one atom thick and have strongly bonded carbon
networks. Graphene has attracted much interest for energy storage applications
because of its superior electrical conductivity, high surface area of over 2600 m2g-1,
chemical tolerance, and broad electrochemical window [110,152]. Recently,
graphene and graphene composites have been reported as anode materials for lithium
ion batteries [61,175-177]. Honma et al. have reported that graphene nanosheets in
SnO2-graphene nanocomposite limit the volume expansion upon lithium insertion,
and the pores that are developed between the SnO2 and the graphene nanosheets
could be used as buffered spaces during charge-discharge, resulting in superior
cycling performance [177]. However, the SnO2-graphene composite still showed a
large first-cycle irreversible capacity, which is attributed to the intrinsic nature of
SnO2 anode, since a matrix of Li2O nanoparticles was generated by the irreversible
electrochemical reduction of SnO2. As Fe3O4 has advantages over SnO2 in terms of
its high theoretical capacity of 922 mAh g-1 and low irreversible capacity loss for the
first cycle [171,178], the study of graphene nanosheets as a three dimensional (3D)
laminated carbon matrix to improve the performance of Fe3O4 has been investigated
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here for the first time. In this Chapter, a general strategy has been demonstrated to
achieve optimum electrochemical properties by constructing the 3D laminated
architecture from a combination of nanostructured metal oxide and graphene
nanosheets. The Fe3O4-graphene nanocomposite was synthesised using a one step insitu hydrothermal method, which has operational simplicity and capability for largescale production [179-181].

6. 2 Experimental
6.2.1

Synthesis of Fe3O4-graphene Nanosheet Composites

In order to coat Fe3O4 nanoparticles uniformly on GNS, the Fe3O4-GNS
nanocomposites were prepared by an in-situ chemical method using GO as the
precursor. GO was synthesized from natural graphite powder (Fluka) by a modified
Hummers method, as reported elsewhere [ 182 ]. FeCl2•4H2O (61.6 mg, SigmaAldrich) was added into 100 ml of 0.1 mg mL-1 GO dispersion. After stirring for 2 h,
100 mg NaOH and 145 mg pyrenebutyric acid, C19H15-COOH (Sigma-Aldrich),
were added to the solution followed by 30 min stirring. Then, H4N2•H2O (0.56 mL,
Sigma-Aldrich) was added into the solution. After 10 min stirring, the mixture was
transferred into a high pressure stirred reactor, with the temperature controlled at
150 °C for 10 hours. Water-soluble C19H15-COOH was used as a stabilizer to prepare
a stable aqueous dispersion of graphene sheets, since the pyrene moiety has been
reported to have strong affinity with the basal plane of graphite via -stacking [59].
In an alkaline medium, hydrazine hydrate can serve as either an oxidant or a reducer
[183], and therefore, during this process, graphite oxide was reduced to graphene
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nanosheets, with a portion of the Fe2+ ions in-situ oxidized into Fe3+ and then coprecipitated into nanosized Fe3O4 particles. The black product, named Fe3O4-GNS1,
was washed with deionized water repeatedly and dried at 60 °C in a vacuum oven
overnight. The Fe3O4-GNS2 was prepared with the same method except that the GO
dispersion was 0.06 mg mL-1 and H4N2∙H2O was 0.36 mL. To prepare pure Fe3O4 as
a comparison, only the same amounts of FeCl2∙4H2O and H4N2∙H2O were used,
followed by the same conditions and procedures as were applied in the synthesis of
the composite.

6.2.2

Materials Characterization

The products were characterised using X-ray diffraction (XRD, GBC MMA) with Cu
Kα radiation, as well as field-emission scanning electron microscopy (FE-SEM;
JEOL 7500), SEM with energy dispersive X-ray spectroscopy (EDS, JEOL JSM
6460A) and transmission electron microscopy (TEM, JEOL 2011 200 keV). TEM
samples were prepared by deposition of ground particles onto holey carbon support
films. Raman spectroscopy was conducted to further confirm that the as-prepared
powders of graphene, Fe3O4, and Fe3O4-GNS had been successfully produced, using
a JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode laser
excitation on a 300 lines/mm grating at room temperature. Thermogravimetric
analysis (TGA) was performed via a SETARAM Thermogravimetric Analyzer
(France) in air to determine the changes in sample weight with increasing
temperature and to estimate the amount of graphene in the sample.
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6.2.3

Electrochemical Measurements

The electrochemical characterizations were carried out using 2032 coin cells. The
electrodes were prepared by dispersing 80% of the active material, Fe3O4-GNS
composite, 10% acetylene carbon black, and 10% sodium carboxymethyl cellulose
(CMC, average Mw: 250 000, Aldrich) binder [184] in distilled water to form a
homogeneous slurry. The slurry was spread onto pieces of copper foil. The
electrodes were dried at 100 ºC in a vacuum oven overnight and then pressed to
enhance the contact between the active materials and the conductive carbon. The
cells were assembled using lithium metal foil as the counter electrode in an argonfilled glove-box. The electrolyte solution was 1 M LiPF6 in ethylene carbonate:
diethyl carbonate (EC:DEC) (1:2 v/v). Constant-current charge-discharge tests were
performed in the range of 0.0-3.0 V at a current density of 100 mA g-1. Note that the
mass of graphene is included when calculating the specific reversible capacity of the
Fe3O4-GNS composite. Cyclic voltammetry (CV) was carried out using a CHI
instrument at a scanning rate of 0.1 mV s-1. Electrochemical impedance spectroscopy
(EIS) was performed using an Ametek PARSTAT 2273 electrochemistry workstation.
The ac amplitude was 5 mV. The frequency range applied was 100 kHz-0.01 Hz.

6. 3 Results and Discussion
6.3.1

Physical and Structural Characterization

The X-ray diffraction pattern obtained from Fe3O4-graphene nanosheets (Fe3O4-GNS,
38.0 wt % graphene in the composite) is shown in Figure 6.1 together with those of
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the as-prepared bare Fe3O4, the pristine graphite, the graphite oxide (GO), and
graphene nanosheets (GNS). The diffraction patterns of Fe3O4 (Figure 6.1b) and
Fe3O4-GNS (Figure 6.1a) match well with those of magnetite (JCPDS 01-75-0449).
The diffraction peak around 26.4º for graphite (Figure 6.1e) has completely
disappeared in the graphite oxide pattern, and a broad peak has arisen at 2 = 10.9º
(Figure 6.1d), indicating the successful oxidation of raw graphite to graphite oxide
[122]. For GNS, the diffraction peaks at 2 = 26.0ºand 42.8ºcan be attributed to
graphite-like (002) and (100) structure, respectively (Figure 6.1c) [ 185 ]. As
mentioned above, the graphite oxide was used as a precursor to produce Fe3O4-GNS
during the in-situ hydrothermal method. Figure 6.1a shows that the peak of graphite
oxide at 2 = 10.9ºis absent in the Fe3O4-GNS sample, and a graphene peak is
observed at 2 = 26.0º. This indicates that the GO nanosheets were reduced to
graphene during the in-situ hydrothermal process, while the nanoparticles of Fe3O4
were being formed. The crystal sizes of the Fe3O4 and Fe3O4-GNS powders were
calculated from the largest diffraction peak (311) using Scherrer’s equation, and the
estimated crystal sizes are 21.47 nm and 12.28 nm for Fe3O4 and Fe3O4-GNS,
respectively.

Figure 6.2 presents the Raman spectrum of Fe3O4-GNS composite powder (38.0
wt %), with the Raman spectra of bare Fe3O4 and pure graphene powder also plotted
for comparison. The Raman spectrum of Fe3O4-GNS composite displays peaks under
700 cm-1 which are due to the Fe3O4 particles and a slightly split peak centred at
1325 cm-1, which represents the overlap of two peaks, one of Fe3O4 at 1300 cm-1 and
a typical graphene D band peak at 1355 cm-1 [186,187]. Another typical graphene
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peak is also observed at 1597 cm-1, which is identified as the G band of graphene
[187]. The Raman spectrum of Fe3O4-GNS composite is actually that of a
combination of bare Fe3O4 and pure graphene. This implies that the Fe3O4 and GNS
are all in their own pristine forms, and no reactions have occurred between them
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Figure 6.1 X-ray diffraction patterns for (a) Fe3O4-GNS composite (38.0 wt %); (b)
bare Fe3O4; (c) GNS; (d) GO; and (e) graphite.
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Figure 6.2 Raman spectra of Fe3O4-GNS composite (38.0 wt %), bare Fe3O4 and
GNS.

To investigate the morphology of the products, field emission scanning electron
microscope (FE-SEM) images were collected for GNS, bare Fe3O4, and Fe3O4-GNS
composite (38.0 wt %). Visualization of pristine GNS by FE-SEM (Figure 6.3b)
shows well-packed layers of platelets composed of curved nanosheets. The image of
the reference bare Fe3O4 nanoparticles, developed by the same procedure as the one
followed for the preparation of Fe3O4-GNS composite, but in the absence of GO and
pyrenebutyric acid, reveals that the morphology of the Fe3O4 nanoparticles is
spherical, with diameters in the range of 40-60 nm (Figure 6.3a). Thus, we conclude
that the round objects observed on the skeleton of GNS in the composite (Figure 6.3c)
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can indeed be attributed to the formation of Fe3O4 nanoparticles. It can be clearly
observe here that the thin graphene layers are hybridized with nanosized Fe3O4
particles to preserve the three-dimensional delaminated structure. The size of Fe3O4
particles in the composite is much smaller than that in the pure sample. This is
probably because pyrenebutyric acid, C19H15-COOH, was used as a stabilizer for the
Fe3O4-GNS synthesis. Iwasaki et al. has reported that the size of Fe3O4 nanoparticles
can be controlled by using carboxylate ions to inhibit the crystal growth of -FeOOH,
which is an intermediate during the reactions involved in Fe3O4 preparation [188],
and therefore, the size of Fe3O4 in the composite is reduced compared with bare
Fe3O4 nanoparticles, where no C19H15-COOH was used in the preparation. Results of
the SEM examination combined with energy dispersive X-ray spectroscopy (EDS)
mapping for the elements Fe and C are shown in Figure 6.3d. The bright regions
correspond to the presence of the elements Fe and C, respectively, and indicate that
Fe and C are distributed uniformly throughout the whole area.

Transmission electron microscopy (Figure 6.4) confirmed the SEM results and
revealed that the Fe3O4 was distributed in the form of both individual particles, ~3-15
nm in diameter (left side of Figure 6.4a), and clusters of particles (right side of
Figure 6.4a). The particles shown in Figure 6.4a were confirmed by selected area
electron diffraction (inset of Figure 6.4a) to have interplanar spacings consistent with
Fe3O4 and graphene. High resolution imaging (Figure 6.4 b-d) revealed that the
Fe3O4 particles were tightly wrapped in the graphene sheets. Figure 6.4b shows
multiple overlapping layers, as indicated near the edge of the sample, enveloping a
row of the Fe3O4 particles. Using the (111) Fe3O4 planes as a reference, the graphene
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interlayer spacings varied in a way consistent with the broad (002) graphene peak
observed by the selected area electron diffraction (SAED pattern (Figure 6.4a)), with
d(002) spacings, on average, larger than the 0.34 nm theoretical value for graphene.
Contrast in Figure 6.4c (lower left parallel arrows) is associated with a Fe3O4 particle
wrapped by sheets of graphene. There was also HRTEM evidence that some of the
individual Fe3O4 nanoparticles were sandwiched between individual graphene sheets.
For example, the plate-like Fe3O4 particle in Figure 6.4d sitting on the edge of the
sample appears intermeshed between layers of graphene.

Figure 6.3 FE-SEM images of (a) bare Fe3O4, (b) GNS, (c) Fe3O4-GNS composite
(38.0 wt %), and (d) SEM images obtained from Fe3O4-GNS composite (38.0 wt %)
with corresponding EDS maps for Fe and C.
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Figure 6.4 TEM Results obtained from Fe3O4-GNS composite (38.0 wt %): (a)
Large area image and associated SAED pattern (inset), with Fe3O4 indexed spotty
rings and diffuse contrast (marked G) consistent with the presence of graphene. (b)
Fe3O4 particles near a sample edge that is overlaid with graphene sheets. Using the
contrast from the Fe3O4 (111) planes as a reference, the interlayer spacings of regions
such as those marked G varied from 0.32-0.41 nm, and several interlayers are
indicated near the edge. (c) Contrast consistent with graphene sheets wrapped around
individual Fe3O4 particles (lower left). (d) A Fe3O4 particle in [111] orientation
embedded in graphene. The sheets are in focus in the image while the Fe3O4 particle
is in focus in the inset.
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Further HRTEM is required to fully characterise the actual interfaces between
individual graphene layers and Fe3O4, and further investigations are also required in
order to determine what fraction of Fe3O4 particles split individual graphene layers
compared to those Fe3O4 particles wrapped by outer layers of graphene. However,
based on the current results, this structure can be classed as a 3D laminate formed by
the in-situ chemical method was used for preparation of the Fe3O4-graphene
composite materials. The image in the inset (top right) of Figure 6.4d shows Fe3O4
with lattice planes ((111) and (220)) in focus. The graphene sheet spacing near the
edge of the sample is 0.39 nm.

For quantifying the amount of graphene in the Fe3O4-GNS composites, TGA was
carried out in air. The samples were heated from 50 to 800°C at a rate of 5 °C min -1.
Figure 6.5 shows the TGA curves of the Fe3O4-GNS samples along with those of
pure graphene and bare Fe3O4 powders. As can be seen from Figure 5, the Fe3O4GNS composites show rapid mass loss between 360 and 600°C. As the bare Fe3O4
powder remains almost stable in this temperature range, any weight change
corresponds to the oxidation of graphene. Therefore, the change in weight before and
after the oxidation of graphene directly translates into the amount of graphene in the
Fe3O4-GNS composites. With the use of this method, it was estimated that the
amount of graphene in the composites was about 16.9 wt % and 38.0 wt %,
respectively.
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Figure 6.5 Thermogravimetric analysis (TGA) curves of bare Fe3O4, Fe3O4-GNS1
(16.9 wt %), Fe3O4-GNS2 (38.0 wt %) composites, and pure GNS.

6.3.2

Electrochemical Properties

Discharge-charge cycling was carried out in the voltage range of 0.0-3.0V (vs. Li) at
a current density of 100 mA g-1 up to 100 cycles. The first, second, and 100th chargedischarge curves of Fe3O4-GNS (38.0 wt %) are shown in Figure 6.6a. The Fe3O4GNS electrode showed an initial discharge capacity of 1080 mAh g-1 and charge
capacity of 664 mAh g-1 in the first cycle. The large irreversible capacity observed in
the first cycle may be caused by the conversion of Fe3O4 to Fe nanoparticles, along
with the formation of amorphous Li2O and the solid electrolyte interphase [189,190].
It may be also caused by that the large amount of graphene was used in the
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composites. It has been reported that the graphene anode showed large irreversible
capacity for the first cycle which is associated with the formation of SEI layer [61].

To identify all of the electrochemical reactions, cyclic voltammetry (CV) was
measured on the cell, with Fe3O4-GNS (38.0 wt %) at ambient temperature in the
0.0-3.0 V range and a scan rate of 0.1 mVs-1 (Figure 6.6b). Li metal was used as the
counter and reference electrode. In the first cycle, the peak is observed at 1.5 V,
which can be attributed to the reduction of the irreversible reaction with the
electrolyte. The peaks are observed in the cathodic process at 0.93 V and 0.59 V,
respectively,

which

represents

two

steps

of

the

lithiation reactions

of

Fe3O4(Equations (6.1) and (6.2)) and the irreversible reaction with the electrolyte
[189,190,191].

Fe3O4 + 2Li+ + 2e-→Li2(Fe3O4)

(6.1)

Li2(Fe3O4) + 6Li+ + 6e-→ 3Fe0 + 4Li2O

(6.2)

3Fe0 + 4Li2O → 3Fe3O4 + 8Li + 8e-

(6.3)

Meanwhile, two peaks are recorded at about 1.65 V and 1.86V in the anodic process,
corresponding to the oxidation of Fe0 to Fe3O4 during the anodic process, which
agrees well with an earlier study [191]. The first-charge reaction is represented by
the forward reaction of Equation (6.3), where the decomposition of Li2O is aided by
the nanostructured Fe0, resulting in the formation of Fe3O4 and giving a capacity
corresponding to 8 moles of Li [168]. During the subsequently cycle, both cathodic
and anodic peaks are positively shifted, which is ascribed to polarization of the
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electrode in the first cycle. The observation of multiple peaks in the CV, indicates
that the reversible reaction of Equation (6.3) occurs via two steps that involve
intermediate coexisting phases. During the charging process, oxidation may occur
from Fe0 to Fe2+ and Fe3+, as noted by Morales et al [192].

Figure 6.7 shows the cycling behaviour of Fe3O4-GNS composites, and the results
for bare Fe3O4 and GNS are also included for comparison. In the first cycle, the
discharge capacity of the Fe3O4 particle electrode is about 1295 mAh g-1. However,
the capacity continuously decreases and reaches 93 mAh g-1 after 100 cycles, which
is only about 7% of the initial capacity, indicating poor capacity retention.
Interestingly, the Fe3O4 nanoparticles, after decorated on graphene, the cyclic
performances are improved. The capacity of Fe3O4-GNS composite with 16.9 wt %
graphene is about 542 mAh g-1 after 100 cycles, still kept 47 % of the initial capacity
(1160 mAh g-1). The Fe3O4-GNS composite with 38.0 wt % shows the best cyclic
satiability, it gives a reversible capacity of 650 mAh g-1 without any capacity loss
over 100 cycles.
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Figure 6.6 (a) Charge-discharge curves of Fe3O4-GNS composite (38.0 wt %) at
current density of 100 mA g-1; (b) voltammogram of Fe3O4-GNS composite (38.0
wt %) at a scan rate of 0.1 mV s-1.
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Figure 6.7 Cycling behaviour for electrodes of bare Fe3O4, Fe3O4-GNS1 (16.9 wt %),
Fe3O4-GNS2 (38.0 wt %) composites, and pure GNS. Cycling took place between
0.0 and 3.0 V vs. Li/Li+ at a cycling rate of 100 mA g-1.

As mentioned before, the main reason for rapid decay of the Fe3O4 electrode is that a
large volume change and aggregation of particles in the Fe3O4 materials occurs
during the charge-discharge cycling [191,192]. In the Fe3O4-GNS composite
electrode, however, nanosize Fe3O4 particles are homogeneously encapsulated into
the graphene sheets. Such a dimensional confinement of the Fe3O4 nanoparticles by
the surrounding graphene limits the volume expansion upon lithium insertion. Even
though the volume expansion still happens, the electrode is not pulverized, since
Fe3O4-GNS has enough void spaces to buffer the volume change. The graphene
serves not only as efficient conducting matrix to maintain the structural integrity of
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the composite electrode during the charging-discharge processes, but also as an
diluting agent to prevent Fe3O4 particles from aggregating. This effect occurs
because any change in the Fe3O4 nanoparticles is restricted by the surrounding
graphene layers. Therefore, the stress formed during the process of lithium insertion
and extraction is avoided. In addition, graphene nanosheets also provide a highly
conductive network for electron transfer during the lithiation and de-lithiation
processes. All these factors mean that good electrochemical performance can be
achieved.

In order to verify that the graphene nanosheets are responsible for the good
performance of the cells with the Fe3O4-GNS electrodes, ac impedance
measurements were conducted. The Nyquist plots obtained for the bare Fe3O4
(Figure 6.8a) and Fe3O4-GNS (38.0 wt %, Figure 6.8b) electrodes after 1 and 50
cycles were compared. The thickness of the electrodes was controlled at 50 m, and
the coated area of the electrodes at 1 cm2. To maintain uniformity, electrochemical
impedance spectroscopy (EIS) experiments were performed on working electrodes in
the fully charged state. At high frequencies, the impedance response exhibits one
semicircular loop, and there is a sloping straight line in the low frequency regime.
The intercept on the Zre axis in the high frequency region corresponds to the
resistance of the electrolyte (Rs). The semicircle in the middle frequency range
indicates the charge transfer resistance (Rct), relating to the charge transfer through
the electrode/electrolyte interface. Also, the inclined line in the low frequency region
represents the Warburg impedance (Zw), which is related to solid-state diffusion of
Li ions in the electrode materials [193,194].
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Figure 6.8 Impedance plots for electrodes of (a) bare Fe3O4 and (b) Fe3O4-GNS
composite (38.0 wt %). The frequency range applied was 100 kHz - 0.01 Hz. All
measurements were conducted in the delithiated state.
103

CHAPTER 6 Graphene Encapsulated Fe3O4 Nanoparticles with 3D Laminated
Structure as Superior Anode in Lithium Ion Batteries

In addition, we also found that the diameter of the semicircle was enlarged after 50
cycles for both samples. However, when Figure 8a is compared to Figure 8b,
considerable differences are observed. The diameter of the semicircle after 50 cycles
is increased by more than 200% (from 150 to 450 kΩ cm-1) for the sample of bare
Fe3O4 compared to only an increase of approximately 43% (from 70 to 100 kΩ cm -1)
for the Fe3O4-GNS electrode. Therefore, it can be assumed that the interparticle
resistance of the electrode was suppressed by the addition of graphene, and
consequently, the charge-transfer resistance (Rct) of the Fe3O4-GNS electrode was
smaller than that of the bare Fe3O4 electrode, resulting in better cycling of the cells
during the charge/discharge process.

6. 4 Summary

In this Chapter, novel Fe3O4-graphene composites have been synthesised via a
simple and effective in-situ chemical method. The Fe3O4-graphene nanocomposite
electrodes show a significantly improved cycle life compared to that of the bare
Fe3O4 electrode. The improvements can be attributed to the graphene nanosheet
matrix in the composite, which serves several functions, including: i) enabling the
graphene nanosheets in the composite materials to act as lithium storage active
materials; ii) maintaining the structural integrity of the composite electrodes by
preventing large volume changes and particle agglomeration; and iii) increasing the
electronic conductivity of the electrodes by forming an efficient electrically
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conductive network. The research work on the graphene nanosheets used as the
carbon matrix in the composite material could be extended to other metal oxides.

105

CHAPTER 7 SnO2-Graphene Composite Synthesized via Microwave Autoclave
Method for Lithium Ion Batteries

CHAPTER 7 SnO2-Graphene Composite Synthesized via Microwave Autoclave
Method for Lithium Ion Batteries

7. 1 Introduction

Global warming caused by the excessive use of fossil fuels has become a severe
problem in the modern world. Lithium ion batteries (LIBs) have demonstrated
themselves to be one of the most promising electrochemical energy storage
approaches that can be used for a wide range of environmentally friendly
applications, such as portable electrical devices, electric vehicles (EVs), hybrid
electric vehicles (HEVs), and stationary energy storage for solar and wind electrical
energy generation [19,176,195-199]. Since the current commercialized LIBs fall
short of satisfying fast increasing needs, a worldwide effort has been made to
develop new high-performance electrode materials for next generation LIBs [200202].

As one of the most promising anode materials, tin dioxide (SnO2) has shown a
number of desirable properties, such as high theoretical capacity (782 mAh g-1,
which is twice as high as the conventional graphite), based on a novel conversion
mechanism [203,204]. However, it suffers from poor cycling performance, which is
attributed to the large volume changes and serious aggregation of particles during
repeated lithium insertion and extraction reactions [ 205 , 206 ]. Embedding
nanoparticles in the graphene nanosheet matrix can be an ideal strategy to overcome
these drawbacks. The graphene nanosheets not only maintain the structural integrity
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of the composite electrode by preventing large volume changes and particle
agglomeration, but also increase the conductivity and serve as lithium storage active
materials [207-210].

From previous study, composite materials with such structures can be synthesized by
an autoclave assisted hydrothermal method [157]. However, the process usually
takes more than 10 hours and therefore has very low productivity. Recently, Chen
and Wang’s group reported a new approach to fast synthesis of SnO2/graphene
composites by a microwave heating assisted reflux method, which is much more
efficient than the conventional hydrothermal approach [211]. However, it also has
obvious drawbacks, such as high temperature and safety risks [124], gas release
during the reaction, and the requirement for post-treatment (heat treatment at 500 ºC
for 2 h under Ar protection) [124] so that it thus has high energy consumption. In this
Chapter, a novel microwave autoclave strategy which combines the advantages of
high efficiency and productivity with low temperature and risk, as well as
environmental friendliness and energy saving, has been investigated to produce a
composite material consisting of graphene nanosheets containing only a few layers
that are embedded with SnO2 nanoparticles in a highly uniform distribution for
superior anode in lithium ion batteries.

7. 2 Experimental
7.2.1

Synthesis
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To achieve an ultra-fast and environmentally friendly approach, the SnO2-graphene
nanoparticles were prepared by using a microwave autoclave method without any
after-treatment. Graphite oxide (GO) was synthesized from natural graphite powder
(Fluka) by a modified Hummers method, as reported elsewhere [121]. SnCl2∙2H2O
(400 mg, Sigma–Aldrich) was added into 200 mL 0.02 M HCl solution. 60 mg GO
was then added, followed by 15 min ultrasonication to make a homogeneous
suspension. The suspension was transferred into 8 sealed Teflon vessels (25 mL each)
and reacted for 5 min at 120 ºC using a Milestone Microsynth Microwave Labstation
(Germany). The formation of SnO2 is represented by the following equation:

2SnCl2 + O2 + 2H2O → 2SnO2 + 4HCl

(7.1)

After cooling down naturally and washing 3 times, 150 mg NaOH and 3 mL
H4N2∙H2O were added to the solution, followed by 10 min stirring. The solution was
then reacted in the microwave autoclave using the same temperature for an additional
15 min. In an alkaline medium, hydrazine hydrate can serve as a reducer, and
therefore, GO was reduced to graphene nanosheets (GNS) during this process. On
the other hand, the oxygen in the reaction vessel can prevent Sn4+ from being
reduced by hydrazine during the reaction. The black product, designated SnO2-GNS1,
was repeatedly washed with de-ionised water and dried at 100 ºC in a vacuum oven
overnight. The SnO2-GNS2 composite was prepared by using the same method,
except that the amounts of GO and H4N2∙H2O were 20 mg and 1 mL, respectively.
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7.2.2

Structural and Electrochemical Characterization

The products were characterized by X-ray diffraction (XRD, GBC MMA) with Cu
Kα radiation, as well as field emission scanning electron microscopy (FE-SEM;
JEOL 7500), and transmission electron microscopy (TEM; JEOL 2011 200 keV).
The atomic force microscopy (AFM) was used to reveal the size of graphene sheet
and the thickness of graphene layers. Raman spectroscopy was conducted to further
confirm the successful synthesis of the SnO2-graphene composite, using a JOBIN
YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation on a
300 lines mm-1 grating at room temperature. Thermogravimetric analysis (TGA) was
performed in air using a SETARAM Thermogravimetric Analyzer (France) to
determine the changes in sample weight with increasing temperature and to estimate
the amount of graphene in the samples. The electrochemical characterizations were
carried out by using 2032 coin cells. The electrodes were prepared by dispersing the
active material, 80% SnO2-graphene composite, 10% carbon black, and 10% sodium
carboxymethyl cellulose (CMC, average Mw: 250 000, Aldrich) binder in distilled
water to form a homogeneous slurry. The slurry was spread onto pieces of copper
foil. The electrodes were dried at 100 ºC in a vacuum oven overnight and then
pressed to enhance the contact between the active materials and the conductive
carbon. The cells were assembled in an argon-filled glove box with lithium metal foil
as the counter electrode. The electrolyte solution was 1 M LiPF6 in ethylene
carbonate/diethyl carbonate (EC/DEC, 1:2 v/v). Constant-current charge–discharge
tests were performed in the range of 0.01–3.00 V at different current densities. Note
that the mass of graphene was included when calculating the specific reversible
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capacity of the SnO2-graphene composite. An Ametek PARSTAT 2273
electrochemistry workstation was used to perform cyclic voltammetry (CV)
(scanning rate 0.1 mVs-1) and electrochemical impedance spectroscopy (EIS; ac
amplitude 5 mV, frequency range 100 kHz–0.01 Hz).

7. 3 Results and Discussion

The XRD pattern obtained from SnO2-GNS1 is shown in Figure 7.1, together with
those of the as-prepared bare SnO2, graphene nanosheets (GNS), graphite oxide (GO),
and the pristine graphite. The diffraction patterns of the bare SnO2 (Figure 7.1(b))
and the SnO2-GNS1 (Figure 7.1(a)) composite agree well with the cassiterite
tetragonal crystalline phase of SnO2 with reference pattern JCPDS 41-1445. The
peaks are broad, which indicates that the SnO2 particles are nanosized. The
diffraction peak of graphite at 26.4º(Figure 7.1(e)) disappeared in the graphite oxide
pattern (Figure 7.1(d)), indicating the successful oxidation of raw graphite to graphite
oxide. It can be observed in the XRD pattern that the typical diffraction peak of GNS
overlaps with that of the SnO2 at (110).

To further demonstrate the formation of composite materials, Raman spectroscopy
was performed on SnO2-GNS1 and GNS, and the spectra are shown in Figure 7.2.
Typical graphene peaks at about 1355 cm-1 (D band) and 1597 cm-1 (G band) are
observed in both the GNS and SnO2-GNS1 samples, which indicates that the GNS
has been successfully synthesized in the composite. It also can be seen that there is
an increased D/G intensity ratio in SnO2-GNS1 in comparison with GNS, which
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suggests a decrease in the average size of the sp2 domains upon reduction of the
exfoliated GNS [212]. For the SnO2-GNS1 curve, another two peaks can be observed
at 472 and 631 cm-1, which correspond to the Eg and A1g vibration modes of SnO2
nanoparticles [213]. The tiny split of the G band Raman peak may relevant to the Gand G+ parts. A splitting of G- at 1583 cm-1 and G+ at 1594 cm-1 was also observed
for H-terminated Z-GNRs [214]. Therefore, it can be clearly concluded that SnO2-
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Figure 7.1 X-ray diffraction patterns for (a) SnO2-GNS1 composite, (b) bare SnO2, (c)
GNS, (d) GO, and (e) graphite.
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Figure 7.2 Raman spectra of SnO2-GNS1 composite and pure GNS.

To investigate the morphology of the materials obtained, field emission scanning
electron microscopy (FE-SEM) was performed on the bare SnO2, the graphene, and
SnO2-GNS1. Figure 7.3(c) presents an FE-SEM image of microwave autoclave
synthesized SnO2-graphene composite material. By comparing with the bare SnO2
and pure GNS (Figure 7.3(a) and (b)), it can be seen clearly that the SnO2
nanoparticles are uniformly distributed on or in between the graphene nanosheets to
form a sandwich-like structure, by which graphene nanosheet re-stacking and SnO2
nanoparticle aggregation can be prevented. Figure 7.3(d) shows the corresponding
energy dispersive X-ray spectrum (EDS) of SnO2-GNS1. Only the elements Sn, C,
and O were detected, which further proves that there are no other impurities in the
sample. Results of SEM examination combined with the corresponding EDS
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mappings for the elements Sn and C are shown in Figure 7.3(e). The bright regions
correspond to the presence of the elements Sn and C, respectively, and indicate that
Sn and C are distributed uniformly throughout the sample. The background signal in
C mapping comes from the carbon conductive tape used with the sample.

Figure 7.3 FE-SEM images of (a) bare SnO2, (b) GNS, (c) SnO2-GNS1 composite, (d)
the corresponding EDS spectrum for (c), and (e) SEM image obtained from SnO2GNS1 composite with corresponding EDS maps for Sn and C.
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From the atomic force microscope (AFM) analysis shown in Figure 7.4, a typical
graphene nanosheet was observed to be approximately 600 nm wide and 3 nm thick.
It has been reported that single layer graphene varies between 5-10 Å in thickness, so
it can be estimated that the number of graphene layers is about 3-6 layers [215,216].

Figure 7.4 (a) AFM image and (b) line profile of graphene reveal the size of
graphene flake and the thickness of graphene layers.
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Figure 7.5 TEM results obtained from SnO2-GNS1: (a) large area image, and (b)
associated SAED pattern; (c) HRTEM image taken from a selected area with
uniform SnO2 coating, and (d) a sample edge lacking SnO2 nanoparticles.

Transmission electron microscopy (TEM, Figure 7.5(a)) confirmed the FE-SEM
results and showed that the SnO2 nanoparticles (4-5 nm in diameter) were uniformly
distributed in the graphene nanosheets over a broad area to form the composite.
Figure 5(a) was further examined by selected area electron diffraction (SAED), as
shown in Figure 7.5(b). Two kinds of diffraction patterns were observed: diffraction
rings in which the interplanar spacings agree well with SnO2; and isolated diffraction
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spots arising from the crystalline structure of graphene sheets. These are
unambiguous evidence for the formation of SnO2-graphene composite. There was
also high resolution TEM (HRTEM, Figure 7.5(c)-(d)) evidence that SnO2
nanoparticles were sandwiched between a few layers of graphene nanosheets with a
particular lattice spacing of 0.34 nm from the (110) face of the rutile phase.
Interestingly, it also can be observed on the edge of the sample where SnO 2
nanoparticles are lacking (Figure 7.5(d)) that the graphene nanosheets are in a folded
position. The graphene sheet spacing of 0.39 nm was measured from it.

As mentioned above, embedding nanoparticles in a graphene nanosheet matrix has
been demonstrated as an ideal strategy to overcome the electrode material’s poor
cycling performance in lithium ion batteries, which is attributed to the large volume
changes and serious aggregation of particles during repeated lithium insertion and
extraction reactions. However, the synthesis of a single layer graphene nanosheet
matrix is very challenging due to its high surface energy [182]. Here, the SnO2graphene composites with very few layers of graphene nanosheets sandwiching the
SnO2 nanoparticle structure have been successfully synthesized via the in-situ
microwave autoclave method. By using this method, the reaction time has been
successfully shortened to 20 min, so that high efficiency and energy saving can be
achieved (compared to the traditional autoclave method requiring more than 10 hours
reaction time). In addition, the approach is environmentally friendly because there is
no gas release during the reaction. The reaction procedure can be described as a twostep method: i) in-situ loading of the SnO2 nanoparticles onto the graphite oxide; ii)
graphite oxide conversion to graphene [217]. Results show that this method can
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effectively prevent graphene nanosheets from being restacked, probably due to the
in-situ loading of SnO2 nanoparticles, which can decrease the surface energy of the
graphene nanosheets.
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Figure 7.6 TGA curves of bare SnO2, SnO2-graphene composites, and pure GNS.

For quantifying the amount of graphene in the composites, TGA was carried out in
air. The samples were heated from 50-800 ºC at a rate of 5 ºC min-1. Figure 7.6
shows the TGA curves of the composite samples along with those of pure graphene
and bare SnO2. As can be seen from Figure 4, the bare SnO2 powder remains almost
stable during the heating process, so any weight change corresponds to the oxidation
of graphene. Therefore, the change in weight before and after the oxidation of
graphene directly translates into the amount of graphene in the composite. With the
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use of this method, it was estimated that the amount of graphene in the SnO2-GNS1
and SnO2-GNS2 composites was about 33.3% and 10.9%, respectively.
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Figure 7.7 Discharge and charge curves for selected cycles for electrodes of (a) bare
SnO2, and (b) SnO2-GNS1 composite; cycling behavior for electrodes with bare
SnO2, SnO2-graphene composites, and GNS (c); and rate capability for electrode
containing SnO2-GNS1 composite material (d).
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The discharge-charge curves for the 1st, 2nd, and 50th cycles of the electrodes made
with bare SnO2 and SnO2-GNS1, carried out in the voltage range of 0.0-3.0 V (vs. Li)
at a current density of 100 mA g-1, are shown in Figure 7.7(a) and (b). The initial
discharge capacity of the electrode made with bare SnO2 is higher than that of the
electrode made with SnO2-GNS1, which are 1410 and 1104 mAh g-1, respectively,
while the charge capacities are 583 and 563 mAh g-1, respectively, in the first cycle.
The large irreversible capacity observed in the first cycle may be caused by the
conversion of SnO2 to Sn nanoparticles, along with the formation of Li2O and the
solid electrolyte interphase (SEI) [218]. It may be also caused by the graphene used
in the composite. It has been reported that graphene anode showed large irreversible
capacity for the first cycle, which is associated with the formation of the SEI layer
[61]. From the following cycles, it can be clearly seen that the reversible capacity of
the electrode made with bare SnO2 dramatically decreased to 269 mAh g-1 compared
to that of the SnO2-GNS1 electrode, which showed no noticeable change during the
cycling and maintained 604 mAh g-1 at the 50th cycle. Figure 7.7(c) shows the
cycling behavior of the SnO2-graphene composites at a current density of 100 mA g-1
within the voltage range of 0.01-3.00 V, and the results for bare SnO2 and GNS are
also included for comparison. It can be seen that the discharge capacity of bare SnO 2
electrode continuously decreased in the first 50 cycles and reached 78 mAh g-1 after
200 cycles, which is only 5.5% of its initial capacity, indicating poor cycle life. In
comparison, the electrodes made from composite materials show great improvement
in cycling performance. The discharge capacity of the SnO2-graphene composite
with 10.9 wt% graphene (SnO2-GNS2) slightly decreased in the first 50-60 cycles
and reached about 504 mAh g-1 after 200 cycles. The SnO2-GNS1 composite with
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33.3 % wt% graphene content has the best cycling stability, showing a reversible
discharge capacity of 590 mAh g-1, 53.4 % of the initial capacity (1104 mAh g-1),
without any noticeable capacity fading over 200 cycles. To further investigate the
electrochemical performance of the SnO2-GNS1 electrode, the rate capability is
shown in Figure 7.7(d). The discharge capacity of the SnO2-GNS1 electrode only
slightly decreases as the current density increases, and the electrode exhibits a stable
specific capacity as high as 500 mAh g-1 at a current density of 400 mA g-1. When
the current density reached 800 mA g-1, the capacity retention slightly decreased, and
the capacity loss during the 30 cycles was 13.8%. After cycling at high current
densities, the cell was galvanostatically discharged-charged at a current of 100 mA g1

again, and the capacity almost recovers to the initial capacity. The good Li-cycling

performance of the SnO2-GNS1 electrode can be attributed to the graphene
nanosheet matrix in the composite, which maintains the structural integrity of the
composite electrodes by preventing large volume changes and particle agglomeration,
as well as increasing the electronic conductivity of the electrodes by forming an
efficient electrically conductive network [177,177].

In order to further study the function of graphene in the composite, ac impedance
measurements were conducted. The Nyquist plots obtained at the 5th and 50th cycles
for the bare SnO2 and SnO2-GNS1 samples were compared. The electrodes for the
measurements were 1 cm2 in area, and the thickness was controlled at 50 m. To
maintain uniformity, electrochemical impedance spectroscopy (EIS) measurements
were performed on working electrodes at the discharge platform (0.7 V). Generally,
the high frequency semicircle and the semicircle in the medium-frequency region are
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attributed to the solid electrolyte interphase (SEI) film and/or contact resistance, and
the Li+ charge-transfer impedance on the electrode/electrolyte interface, respectively.
The inclined line at an approximate 45ºangle to the real axis corresponds to the
lithium-diffusion processes within the electrode [193]. From Figure 7.8(a), it can be
clearly seen that the diameters of the semicircles in the medium-frequency region are
similar on the 5th cycle for both the bare SnO2 and the SnO2-GNS1 electrodes.
Interestingly, the diameter of the semicircle for the electrode with SnO2-GNS1 is
much smaller than for the electrode with bare SnO2 after 50 cycles (Figure 7.8(b)).
The results indicate that the charge-transfer resistance of the cell with the composite
electrode is much lower than that of the cell made from bare SnO2. This phenomenon
further confirms the reason why the electrodes made with SnO2-graphene composites
show better Li-cycling performance than the bare SnO2 ones.
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Figure 7.8 Nyquist plots for the electrodes containing (a) bare SnO2, and (b) SnO2GNS1 composite.

7. 4 Summary

In this Chapter, SnO2-graphene composites have been successfully synthesized via
an ultra-fast and environmentally friendly microwave autoclave strategy. A structure
consisting of a few layers of graphene nanosheets sandwiching SnO2 nanoparticles
with a highly uniform distribution has been clearly demonstrated. The SnO2graphene composites show significantly improved cycle lives compared to the bare
SnO2 electrode due to the active function of the graphene nanosheets in the
composites. The successful synthesis of the composite materials also demonstrates
that the in-situ loading of SnO2 nanoparticles can be an effective way to prevent
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graphene nanosheets from being restacked. This research work on graphenenanoparticle composites could be extended to other metal oxides.
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8. 1 Introduction

Recently, ﬂexible/bendable electronic equipment, such as roll-up displays and
wearable devices, has attracted more and more attention. The development of such
devices implies higher requirements on their battery systems, in which flexibility of
the electrodes is essential to enable their bendable features [103,219,220]. Typically,
the conventional lithium-ion batteries (LIBs) have electrodes containing metal
substrates, which are coated with a mixture of an active material, an electrical
conductor, a binder, and a solvent [19,130]. This type of electrode is not suitable for
flexible or bendable batteries because the active material layer will be cracked or
peeled off from the substrate during the repeated bending. Therefore, the
development of flexible free-standing electrode materials is crucial for bendable and
wearable batteries. Previously, our group has reported the use of single-walled
carbon nanotubes (SWCNTs) to form free-standing electrodes for LIBs [103,221]. It
was found that the SWCNTs could be a promising candidate due to their onedimensional structure with a high length-to-diameter ratio. This type of electrode is
lightweight, flexible, and can be fabricated easily without using a metal substrate or
binder. The conductivity of the SWCNT free-standing electrode is not as good as for
the conventional ones, however, due to the absence of the substrate and binder. In
addition, CNT based electrodes also feature relatively low energy density owing to
the limitations of double-layer charge storage, which confines charge and energy
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storage to only the surface of the active materials [222]. These drawbacks have
seriously limited their industrial application.

Graphene has outstanding properties, such as nontoxicity, chemical and thermal
tolerance, electrical conductivity, and mechanical hardness. Such properties suggest
a wide range of industrial applications, including adsorbents, catalyst supports,
thermal transport media, structural and electronic components, batteries/capacitors,
and even applications in biotechnology [109,113, 223 - 226 ]. To combine the
advantages of CNTs and graphene, hybrid structures were constructed by placing
SWCNTs among graphene planes through covalent C-C bonding, and such
composites were reported to overcome the above-mentioned problems for CNTs.
Wang et al. reported using graphene film directly as a free-standing electrode for
lithium ion batteries [ 227 ]. After only the initial cycle, however, the capacity
dropped down to 100 mAh g-1 (current density: 50 mA g-1). The poor Li cycling
property is mainly owing to the restacking of graphene layers during the fabrication
process, which indicates that the arrangement of the layered structure for stacks of
graphene sheets is closely related to their electrochemical performance. Recently,
Fan’s group reported a three-dimensional composite powder material that consists of
CNTs and graphene sheets [228]. The unique sandwich structure of this composite
endows it with high-rate transportation of electrolyte ions and electrons throughout
the electrode matrix and therefore increases the material’s conductivity. Based on
this idea, we designed and fabricated free-standing graphene–carbon-nanotube
anodes for bendable Li-ion batteries. Embedding GNSs with SWCNTs through a
lamination process to prepare thefree-standing electrode has the following
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advantages: 1) the sandwich structure of the graphene–carbon-nanotube composite
will prevent the graphene sheets from being restacked during the electrode
fabrication process [229]; 2) the layered graphene sheets that are integrated into the
composite will form a conductive matrix, so that the film’s conductivity will be
improved [228].

The free-standing composite electrodes of graphene-carbon nanotube electrodes were
fabricated using as-prepared graphene, which was synthesized by using a timeefficient microwave autoclave method as discussed in Chapter 4. The effects of the
reaction temperature on the graphene characteristics were explored to help us to
select the optimum graphene precursor for making the free-standing graphenecarbon-nanotube electrodes. In order to investigate the graphene properties in the
composite film, the graphene weight ratio was also varied for comparison.

8. 2 Experimental
8.2.1

Synthesis

The multi-layer graphene sheets were prepared by using a microwave autoclave
method as discussed in Chapter 4. The products that were synthesized at different
temperatures (120 ºC, 150 ºC, and 180 ºC) were designated MLG-1, MLG-2, and
MLG-3, respectively (see Table 8.1).
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Table 8.1 Preparation conditions and physical properties of the synthesized multilayer graphene sheets.
Sample name
(pure graphene)
MLG-1

Synthesis temperature
(ºC)
120

Reaction time
(min)
5

d-space value
(nm)
0.43

MLG-2

150

5

0.40

MLG-3

180

5

0.36

The free-standing MLG-SWCNT composite films were fabricated through vacuum
filtration of a suspension of MLG-SWCNT composite. To synthesize the composite
material in situ, SWCNTs (purchased from Hipco™) and Triton X-100 were added
to de-ionized water and ultrasonicated for 2 h. After that, the suspension was mixed
with the as-prepared GO, which was then subjected to the same conditions and
procedures as were applied in the synthesis of MLG (with 180 C selected as the
reaction temperature). Before proceeding to the vacuum filtration, a poly(vinylidene)
fluoride (PVDF) membrane was wetted in a 50:50 v/v deionized water to ethanol
solution for 30 minutes. The MLG-SWCNT composite suspension was then passed
through the wetted PVDF filter in a filtration cell under a positive pressure to
produce a free-standing mat of the MLG-SWCNT composite. Subsequently, the
resultant composite mat was washed with de-ionized water and then peeled off from
the PVDF filter after drying overnight in a vacuum oven at 60 ºC. By using this
method, three MLG-SWCNT composite films were fabricated with MLG weight
percentages of 30, 50, and 70 wt%, which were designated as MLG-SWCNT-1,
MLG-SWCNT-2, and MLG-SWCNT-3, respectively (see Table 8.2).
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Table 8.2 Physical properties of multi-layer graphene sheet–single-walled carbon
nanotube composite films.
Sample name

MLG ratio in

(composite film)

Density

Capacity density at

composite (wt%) (m)

(g/cc)

2nd cycle (mAh/cc)

MLG-SWCNT-1

30

115

0.336

90.72

MLG-SWCNT-2

50

95

0.406

113.68

MLG-SWCNT-3

70

78

0.495

163.35

8.2.2

Film thickness

Physical and Electrochemical Characterization

The products were characterized by using X-ray diffraction (XRD; GBC MMA) with
Cu Kα radiation, as well as field emission scanning electron microscopy (FE-SEM;
JEOL 7500) and transmission electron microscopy (TEM; JEOL 2011 200 keV).
TEM samples were prepared by dispersion of ground samples onto holey carbon
support film. Raman spectroscopy was conducted to further investigate the materials,
using a JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode laser
excitation on a 300 lines mm-1 grating at room temperature. The conductivity
measurements were performed on a JANDEL RM3 four-point probe instrument. The
as-prepared free-standing films were used to fabricate the electrodes, using CR 2032
coin-type cells, which were assembled in an Ar-filled glove box (Mbraun, Unilab,
Germany, oxygen and moisture level below 1 ppm) by stacking the anodes with a
porous polypropylene separator and a lithium foil counter and reference electrode.
The electrolyte used was 1 M LiPF6 in a 50:50 (v/v) mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC). The cells were galvanostatically discharged
and charged within a voltage window of 0.01-3.0 V (vs. Li/Li+) at a current density
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of 30 mA g-1 and a temperature of 20 ºC. The discharge capacities are based on the
total

amount

of

free-standing

electrode.

An

Ametek

PARSTAT

2273

electrochemistry workstation was used to perform the electrochemical impedance
spectroscopy (EIS; ac amplitude 5 mV, frequency range 100 kHz–0.01 Hz).

8. 3 Results and Discussion
8.3.1

Physical and Structural Characterization

In the in-situ synthesis of the graphene–carbon-nanotube composites in Chapter 4,
the optimum reduction temperature in the microwave autoclave reaction was
determined to be 180 ºC. This was based on the following considerations. As
mentioned in the introduction, the arrangement of the graphene layered structure is
crucial for its electrochemical performance [227]. As a result, graphene nanosheets
with curled or wrinkled morphologies are favourable during the fabrication of freestanding films. With such morphologies, different arrangements of layers can be
provided to prevent the graphene nanosheets from restacking, and the space between
graphene layers is also enlarged, so that the SWCNTs can be sandwiched into the
layers more easily. On the other hand, although the larger d-spacing of the GNS-1
sample (around 0.43 nm) may be of benefit for the accommodation of lithium ions,
the sample contains more residual oxygen-containing groups, which will affect the
electrochemical performance, resulting in higher irreversible capacity due to the
reaction between the oxygen-containing groups and the lithium ions [127,128].
Taking all the above factors into consideration, 180 ºC was selected as the best
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reduction temperature for the in situ synthesis of the graphene–carbon-nanotube
composites.

Figure 8.1 shows FE-SEM images of the as-fabricated MLG-SWCNT free-standing
films synthesized at 180 ºC. Figure 8.1(a) presents a photograph of a typical freestanding film (MLG-SWCNT-3) fabricated by vacuum filtration, which is round in
shape and about 3.4 cm in diameter. The average thicknesses and mass densities of
the as-fabricated MLG-SWCNT samples are summarized in Table 2 for comparison.
It can obviously be found that with increasing graphene ratio from 30 to 70 wt% in
the composite, the thickness of the film is decreased from 115 to 78 m, and the
mass density is increased from 0.336 to 0.495 g cc-1. Hence, it can be concluded that
graphene can be used to efficiently increase the mass density of the CNT films.
Figure 8.1(b) and (c) shows top views of the composite films, and the amount of
MLG is clearly seen to increase upon increasing the MLG to SWCNT weight ratio
from 3:7 (Figure 8.1(b)) to 7:3 (Figure 8.1(c)). A FE-SEM cross-sectional image of
sample MLG-CNT-3 is presented in Figure 8.1(d). It can be clearly seen that the
SWCNTs are uniformly wrapped on/in between the curled graphene sheets. An
image that was taken from a 45ºview of the film (Figure 8.1(e)) delivers a further
interpretation of such morphology. The upper and lower halves of the image present
the surface and the cross-section of the composite film, respectively. It can be clearly
observed that carbon nanotubes are present at the broken edge, where the stacked
graphene can also be clearly identified. By using the 15-point Brunauer–Emmett–
Teller (BET) N2 adsorption method, the specific surface areas of the as-prepared
free-standing composite samples MLG-SWCNT-1, MLG-SWCNT-2, and MLG131
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SWCNT-3 were measured to be 949.9, 655.8, and 524.5 m2 g-1, respectively. It is
clear that the sample with higher graphene content showed a relatively lower specific
surface area value. This may have benefits for the electrochemical performance by
minimizing the initial irreversible capacity.

Figure 8.1 (a) Photograph of MLG-SWCNT-3 film; FE-SEM images of MLGSWCNT composite films, with the ratio of graphene content (b) 30 wt%, and (c) 70
wt%; (d) and (e) cross-sectional FE-SEM images of MLG-SWCNT-3 film.

The X-ray diffraction (XRD) patterns obtained from MLG-3 and MLG-SWCNT-3
composite are presented in Figure 8.2, together with those of the as-prepared GO and
the pristine graphite. The diffraction peak around 26.4ºfor graphite (Figure 8.2(a))
has completely disappeared in the graphite oxide pattern, and a broad peak has arisen
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at 2= 10.9º(Figure 8.2(b)), indicating the successful oxidation of raw graphite to
graphite oxide [122]. In Figure 8.2(c), the diffraction peaks at 2 = 24.4ºand 43.2º
can be attributed to graphite-like (002) and (100) structure, respectively [123,230].
By using Bragg’s law, it can be calculated that the d-spacing for MLG-3 is 0.364 nm
(2 = 24.4º), which is larger than that for the pristine graphite (0.335 nm). This value
matches very well with the average d-spacing measured from HR-TEM that is shown
in Figure 8.2(b). Interestingly, calculations showed that the d-spacing for MLGSWCNT-3 composite (Figure 8.2(d)) would be as high as 0.407 nm (2 = 21.8º).
This may be because during the in situ reduction process, the SWCNTs could embed
themselves into the graphene oxide layers and thus enlarge the interlayer spacing of
the graphene nanosheets [110].
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Figure 8.2 X-ray diffraction patterns for the as-prepared (a) graphite, (b) graphite
oxide, (c) MLG synthesized at 180 C, and (d) MLG-SWCNT with graphene content
of 70 wt%.
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The MLG-SWCNT-3 sample was also investigated by TEM and HR-TEM imaging.
Figure 8.3(a) reveals that the sample is composed of carbon nanotubes embedded in
crumpled graphene sheets. The inset selected area electron diffraction pattern
obtained from the dotted circled region reveals reflections consistent with the
presence of both graphene and CNTs with larger d-spacing. HR-TEM of the parallel
fringes associated with graphene (Figure 8.3(b)) indicated d-spacings of around 0.41
nm, consistent with the results obtained by XRD (0.407 nm). XRD provides
information on average d-spacing, while the TEM images only illustrate a small area
of the sample, and local variations in the graphene d-spacings are expected.
Furthermore, because 200 keV electrons are known to result in some damage to the
graphene morphology, the d-spacing measurements obtained in this Figure can at
best be seen as semiquantitative.

Figure 8.3 GNS-SWCNT-3: (a) bright field TEM image and selected area electron
diffraction pattern (inset) obtained from circled region located over hole in carbon
support film, (b) HR-TEM image of graphene region with indicated d-spacing
obtained by averaging spacings between marked parallel fringes.
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To further study the as-prepared samples, Raman spectroscopy was performed on the
composite sample MLG-SWCNT-3, and the spectra are shown in Figure 8.4. All the
Raman features typical of CNTs are observed: the tangential modes (G-band) with
the G- and G+ parts at 1554 cm-1 and 1593 cm-1, respectively, the D-band at ~1306
cm-1, and the radial breathing mode (RBM) band in the lower frequency range below
290 cm-1.
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Figure 8.4 Raman spectra of MLG-SWCNT-3 composite material.

8.3.2

Electrochemical Properties

To investigate the electrochemical performance of the free-standing electrodes,
Nyquist plots for electrodes made of pure SWCNTs and MLG-SWCNT composites
after 5 cycles were compared, as shown in Figure 8.5. To maintain uniformity,
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electrochemical impedance spectroscopy (EIS) was performed on the working
electrodes in the fully charged state. All the plots display a semicircular loop in the
high to medium frequency region and a sloped line in the low-frequency region.
According to the results obtained, an equivalent circuit, shown as the inset in Figure
8, was proposed to fit the impedance spectra, which includes the electrolyte
resistance (Rs), a constant phase element (CPE), the charge transfer resistance (Rct),
and the Warburg impedance (Zw). The intercept on the Z real axis in the high
frequency region corresponds to the resistance of the electrolyte (Rs). The diameter
of the semicircle gives the charge-transfer resistance (Rct), which is related to the
charge transfer through the electrode/electrolyte interface. The inclined line in the
low frequency region represents the Warburg impedance (Zw), which is associated
with the solid-state diffusion of Li ions in the electrode materials [193,194]. It can be
observed in the Figure that the diameter of the semicircle decreases with higher
graphene content in the film electrode. Therefore, it can be assumed that the
interparticle resistance of the electrode is suppressed by the addition of graphene, and
consequently, the composite film made with 70 wt% graphene (MLG-SWCNT-3)
has the lowest charge-transfer resistance. By using a four-point probe instrument, the
conductivity of MLG-SWCNT-1, MLG-SWCNT-2, and MLG-SWCNT-3 were
measured to be 39.1, 74.6, and 114.5 S cm-1, respectively. This result further proves
that with higher graphene content, the composite shows improved conductivity.
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Figure 8.5 Impedance plots for free-standing electrodes made from pure SWCNTs
and MLG-SWCNT composites. The inset is the equivalent circuit used to interpret
the data

Figure 8.6(a) presents the discharge and charge curves for the 1st and 50th cycles for
the pure SWCNT, MLG-SWCNT-1, and MLG-SWCNT-3 electrodes. It can be
observed that the first discharge capacities of the three electrodes were 1109, 980,
and 950 mAh g-1, while the first charge capacities were 204, 219, and 293 mAh g-1,
respectively. The first cycle coulombic efficiencies for the electrodes made from
SWCNTs, MLG-SWCNT-1, and MLG-SWCNT-3 were calculated as 18.4%, 22.3%,
and 30.8%, respectively. The low coulombic efficiency is due to the large
irreversible capacities in the initial cycle. The results demonstrated that the sample
with lower graphene content exhibited larger initial irreversible capacity. This
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phenomenon matches the BET results very well and could be possibly due to the
larger specific surface area, which led to the irreversible formation of more solid
electrolyte interphase (SEI) layers [231,232]. To identify all of the electrochemical
reactions in the initial cycle, cyclic voltammetry (CV) was also conducted on the cell
with MLG-SWCNT-3 at ambient temperature in the 0.0-3.0 V range and a scan rate
of 0.1 mV s-1 (Figure 8.6(b)). Li metal was used as the counter and reference
electrode. It is obvious that a peak is observed at 0.62 V, which can be attributed to
the irreversible formation of the SEI layer. It is also noticeable on the curve that there
are two peaks in the cathodic process at 1.11 V and 1.59 V, respectively, which
represent the irreversible reaction with the surface functional groups.

Figure 8.6(c) shows a comparison of the cycling behaviour of the three samples. In
the 50th cycle, a reversible charge capacity of about 187 mAh g-1 is observed for the
electrode made of pure SWCNTs, which is 91.7% of the capacity in the 1st charge. In
comparison, the electrode made from MLG-SWCNT-3 shows the highest reversible
charge capacity of 303 mAh g-1 after 50 cycles without any fading. It is also
noticeable in the first 10 cycles that the coulombic efficiency of the MLG-SWCNT-3
sample is also among the best. The capacity density shown in Table 8.2 yields a
further interpretation of the electrochemical performance of the free-standing
electrodes. It can be obviously found that the capacity density of GNS-SWCNT-3 is
over 80% higher than that of the MLG-SWCNT-1 sample.
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Figure 8.6 (a) Discharge and charge curves for selected cycles for SWCNT and
MLG-SWCNT composite electrodes; (b) voltammogram of MLG-SWCNT-3 at a
scan rate of 0.1 mV s-1; (c) cycling behaviour of electrodes made from pure SWCNT
film and MLG-SWCNT composite films at a current density of 30 mA g-1.

To further characterize the change in the nanostructure of the free-standing electrode
before and after cycling, a morphological study was conducted on the MLGSWCNT-3 electrode after 50 cycles, and the SEM images are shown in Figure 8.7.
Compared to the free-standing electrode before cycling (see Figure 8.1(c-e)), after
cycling, the electrode retained a similar surface morphology, and no obvious cracks
can be found. From the enlarged image shown in Figure 8.7(b), SWCNTs and
graphene sheets can be clearly identified from the sandwich structure. This is solid
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evidence that demonstrates the structural stability of the MLG-SWCNT-3 electrode,
and this is also one of the reasons why good cycling behaviour was observed.

Figure 8.7 SEM images of the MLG-SWCNT-3 electrode after 50 cycles.
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The improvements can be attributed to 1) the expansion in the d-spacing of the
composite material, which may deliver additional sites for accommodation of lithium
ions [110]; 2) the improved electronic conductivity of the composite electrodes
contributed by the graphene conductive matrix [228]; and 3) the increased mass
density, which could be another important reason. Based on the above results, it can
be concluded that the MLG-SWCNT composite film with 70 wt% graphene content
has the most outstanding electrochemical performance in terms of cycling stability
and capacity density. Using the free-standing MLG-SWCNT composite anode for
coupling with a promising free-standing cathode for assembly of the whole bendable
cell will be demonstrated in our future work.

8. 4 Summary

In this Chapter, the optimised graphene powder was selected to form a composite in
situ with single-walled carbon nanotubes to fabricate flexible free-standing films.
The free-standing composite film with 70 wt% graphene exhibited the lowest charge
transfer resistance and the highest charge capacity of about 303 mAh g-1 after 50
cycles. The good Li cycling performance can be attributed to 1) the improved
electronic conductivity of the electrodes due to the higher mass density and reduced
thickness of the electrode; 2) sufficient ionic conductivity contributed by the unique
sandwich structure with efficient conductive paths; and 3) the enlarged average dspacing, which contributes additional sites for the accommodation of lithium ions.
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9. 1 General Conclusions

In this doctoral work, the synthesis, physical characterization, and electrochemical
performance of various nanostructured anode materials for lithium ion batteries,
including carbon nanotube, Fe3O4, SnO2, Ge, and their graphene composites have
been investigated to broaden the current understanding of their structural evolution
and corresponding electrochemical behaviour. As electrode materials, the
morphology, specific surface area, crystal size, crystalline phase, etc. are key factors
that affect the electrochemical performance because they could influence the lithium
absorption sites and the lithium diffusion pathways and time.

Three-dimensional germanium-graphene nanocomposite material with a highly
uniform distribution of Ge nanoparticles has been synthesized via an efficient onestep, in-situ, aqueous-based green method. The germanium-graphene nanocomposite
showed much better electrochemical performance than the pure germanium,
retaining capacity of about 832 mAh g-1 after 50 cycles and exhibiting obviously
improved rate capability. The superior performance of the germanium-graphene
nanocomposite can be attributed to the graphene nanosheet matrix, which increases
the composite’s conductivity, provides void space to buffer the volume changes
during discharge/charge cycles, and delivers enough sites to allow dispersion of the
Ge nanoparticles without excessive agglomeration, so as to enable more efficient
channels for the lithium insertion and de-insertion during the cycling.
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Novel Fe3O4-graphene composites have been synthesised via a simple and effective
in-situ chemical method. The Fe3O4-graphene nanocomposite electrodes show a
significantly improved cycle life compared to that of the bare Fe3O4 electrode. The
improvements can be attributed to the graphene nanosheet matrix in the composite,
which serves several functions, including: i) enabling the graphene nanosheets in the
composite materials to act as lithium storage active materials; ii) maintaining the
structural integrity of the composite electrodes by preventing large volume changes
and particle agglomeration; and iii) increasing the electronic conductivity of the
electrodes by forming an efficient electrically conductive network. This research
work on graphene nanosheets used as the carbon matrix in a composite material
could be extended to other metal oxides.

SnO2-graphene composites have been successfully synthesized via an ultra-fast and
environmentally friendly microwave autoclave strategy. A structure consisting of
stacks of a few layers of graphene nanosheets sandwiching SnO2 nanoparticles with a
highly uniform distribution has been clearly demonstrated. The SnO2-graphene
composites show significantly improved cycle lives compared to the bare SnO2
electrode due to the active function of the graphene nanosheets in the composites.
The successful synthesis of the composite materials also demonstrates that the in-situ
loading of SnO2 nanoparticles can be an effective way to prevent graphene
nanosheets from being restacked. This research work on graphene-nanoparticle
composites could be extended to other metal oxides.

Graphene nanosheets were synthesized by using a time-efficient microwave
autoclave method at different reaction temperatures.
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powder was selected to form a composite in situ with single-walled carbon nanotubes
to fabricate flexible free-standing films. The free-standing composite film with 70 wt%
graphene exhibited the lowest charge transfer resistance and the highest capacity of
about 303 mAh g-1 after 50 cycles. The good Li cycling performance can be
attributed to 1) the improved electronic conductivity of the electrodes due to the
higher mass density and reduced thickness of the electrode; 2) sufficient ionic
conductivity contributed by the unique sandwich structure with efficient conductive
paths; 3) the enlarged average d-spacing, which contributes additional sites for the
accommodation of lithium ions.

9. 2 Recommendations and Outlook

This doctoral work investigated the synthesis, physical characterization, and
electrochemical performance of various nanocomposite materials for lithium ion
batteries. The techniques involved, such as the chemical solution process, the
hydrothermal method, filtration, the use of microwave autoclaves, etc., are effective
techniques to prepare nanomaterials and are also suitable to be extended to the
preparation of other materials.

Synthesis in a microwave autoclave is a novel synthesis strategy that combines the
advantages of high efficiency, high productivity, low temperature, low risk, and
environmental friendliness, as well as energy saving, and is thus very promising for
industry. In this doctoral study, SnO2 and its graphene composite have been
synthesized by using this method. The optimisation of microwave conditions has not
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been fully investigated, however. Future work is recommended to carefully explore
the reaction parameters to scale the process up for industry.

Flexible/bendable batteries are attracting more attention due to the market demand
for wearable electronic equipment. Free-standing graphene–single-walled-carbonnanotube composite electrodes have been studied in this work, although the initial
irreversible capacity is still a critical challenge for its real application. As a result,
more investigations should be focused on the mechanism of formation of irreversible
capacity during initial galvanostatic cycling so as to reduce its influence. Moreover, a
promising cathode should be explored to couple with the free-standing anode for the
fabrication of fully flexible/bendable batteries.

The binder is one of the most important factors that affect the lithium ion battery
fabrication and its electrochemical performance. In recent years, signiﬁcant amounts
of data have been gathered on carboxymethyl cellulose (CMC) binders, which
typically demonstrate a better performance than other alternatives and can be
considered to be the state-of-the-art in this field. In this doctoral study, CMC binder
has been used for the preparation of electrode, although how it effects the
electrochemical performance is still uncertain. It is suggested that the mechanism by
which the CMC binder can improve the electrodes’ performance should be
investigated in order to broaden our current understanding, which may also have
benefits for industry in terms of reducing the cost and improving the performance of
current products.
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Nanostructured polymorphs demonstrate better electrochemical characteristics than
many other electrode materials, especially their rate capability, which is due to the
large surface area and shorter lithium diffusion length. Nonetheless, there may also
be some increase in side reactions due to the nanosize effect. With the aim of
overcoming their disadvantages, particle size selection or surface modifications
should be investigated for these materials. Furthermore, the nanomaterial fabrication
process is always tedious and difficult to extend to large-scale application, and
therefore, efficient and easily scaled-up synthesis techniques should be further
explored.

As for the physical characterization methods, X-ray diffraction, Raman spectroscopy,
atomic force microscopy, field emission scanning electron microscopy, and
transmission electron microscopy have all been performed, but some in-situ
characterization tools, such as in-situ Raman spectroscopy, as well as synchrotron
radiation and neutron techniques, are worthwhile to carry out in order to understand
the surface kinetics and the corresponding structural and compositional changes
during the electrochemical cycling.
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List of Symbols

Symbol

Name

Unit

2

Angle of incident beam and diffraction beam

°

D

Diffusion coefficient

m s-1

E0

Standard electrode potential

V

F

Faraday’s constant

C mol-1

I

Current

a

P

Pressure

Pa

Q

Capacity

ah

R

Resistance



T

Absolute temperature

K

t

Time

s

v

Molar volume

L mol-1

Voc

Open-circuit voltage

V
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Rct

Charge transfer resistance





Wavelength

Å

e

coulombic efficiency

-

Å

Angstrom

-

cm

Centimetre

-

nm

Nanometre

-

g

Gram

-

h

Hour

-

mah g-1

Milliampere hour per gram

-

min

Minute

-

wt%

Weight percent

-

°C

Degree Celsius
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List of Abbreviations

Abbreviation

Full Name

XRD

X-ray diffraction

FESEM

Field emission scanning electron microscopy

TEM

Transmission electron microscopy

SAED

Selected area electron diffraction

TGA

Thermogravimetric analysis

SEM

Scanning electron microscopy

EIS

Electrochemical impedance spectroscopy

BET

Brunauer-Emmett-Teller

CV

Cyclic voltammetry

EDS

Energy-dispersive X-ray spectroscopy

AFM

Atomic force microscope

3D

three dimensional

CNT

carbon nanotube
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SWCNT

Single-walled carbon nanotube

GNS

Graphene nanosheets

EV

Electric vehicle

HEV

Hybrid electric vehicle

LIB

Lithium ion battery

NMP

N-methyl-2-pyrrolidinone

PVDF

Polyvinylidene difluoride

CMC

Carboxymethyl cellulose

AIIM

Australian Institute of Innovative Materials

ISEM

Institute for Superconducting and Electronic Materials
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